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ABSTRACT 

. 
An Investigation has been undertaken to study. In a well-defined laboratory 
situation, the influence of chemistry on turbulence structure In compressible 

flows.  The principal effort has consisted of the design of ^P^"»"" [°* 
demonstrating the effect of exothermic energy release on turbulent flow stru. 
ture. the development of sensitive instrumentation for the accurate measure- 
ment of both time-average and fluctuating scalar quantities (temperature and 

concentration), the development of techniques for reducing the raw data 
derived from the sensors and their associated electronics to forms suitable 
for correlation and analysis, and the completion of several experiments 
under »self-mixing* conditions without injection and under wake conditions 
with and without injection.  Calculations of the effectiveness parampt <r 
for the NO, reacting system have shown that the recomblnng SO-,  system (to 

form NK), Twill exhibit a sufficiently large effectiveness parameter utw t 
labontory conditions so that the turbulence in a wake flow should be sig- 
nificantly modified. 1 Appropriate experiments for demonstrating this effect 

were designed.  An IrCkroved fiber optic probe was developed for use in the 
heated reacting gasef \T to 8()(/X F to 1U atm).  Experiments were completed 

with air. N,, and reJct\g NO..  Both total rns and spectral data wer. -h- 
talned.  In tha case of \eated fully developed turbulent tube flo-. the 
temperature and concentration intensities wen- found to be as great as an order 
of magnitude higher In the nonequllibrium reacting gas than In nonreactlng air. 

The wake measurements were made under three separa.e conditions:  no injection. 
Injection with no temperature or concentration difference bc-tween the bulk 

flow stream and the Injectanl stream, and Inject on with a significant 
temperature and conce aratlon difference between the bulk flow stream and the 
'njectant stream.  1 he -esults show that the turbulent temperature Intensities 

were approximately one hundred and fifty percent grea'.r In the reacting 

wake than in the nonreactlng wake with an Injection tl.'v rate on the order 
of ten percent of the body Intercepted flow r.it.-.  Ih.- s.me level of 
turbulent temperature increase was measured regardless of whether recom- 
bination (exothermic) or dissociation (endothermic) reactions were promoted 

in the wake. 
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NOMENCUTURK 

a        - proportionality constant relating Uu- 1 i>;iit Intensity 
Incident on tha t-nd oi  the photomultlpller tube to ti>e 

resultin« voltage output ol the- tube (Intensity/volts) 

ac "  frozen speed oi  sound (ft/sec) 

bi        " Product of extinction coefficient and transmitted light 
path length ^e^X, 1)1   (Kni moles/l Uer)-I 

* proportionality factor relating the effectiveness 

parameter to the characteristic energy and time ratios 
and the turbulence Mach number (I) 

B 

HS 

BW 

C 

= designated turboblower set tin« as   indicated bv the dial 
on the Varid rive 

-  bandwidth of wave analyser (cycles/second or Hertz) 

conversion factor relating voltage output of thermo- 
couple to sensed temperature (volts/ F) 

C = coefficient of discharge oi orifice plate 

C =  total molar concentratloa ol tlu gas system (moles/cm^) 

Cl * "olar concentration of species i (gm moles/liter) 

cl =  fluctuating concentration of species I (gm moles/liter) 

C
n *  Isobar lc specific heat (Btu/lb..  R) 

d 

D 

diameter of orifice in orifice plate (It) 

dp =  probe diameter (inches) 

test section inside diameter (it) 

diameter ol injection cylinder 

U = averaged binary diffusion coefficient lor NO,-ü, 
N()2-NÜ systems (cm2/sec) i 

e =  fluctuating voltage (volts) 

and 
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Cy^jg       =  fluctuating vrltaKo with signal and noise information 
(volts) 

e«        ■  fluctuating voltage with only noise Information (volts) 

E = volt 'ge applied to heater at location of lest probes 
(volts) 

E =  Instantaneous voltage from the sample beam (volts) 

E0 =  instantaneous voltage from the reference beam (volts) 

i ■  Fanning friction factor 

f =  frequency (cycles/second or Hertz) 

fp a  frequency based on test section diameter and center- 
line axial flow velocity (Hz) 

f| ■  frequency based on test section length (5 ft) and 
TS centerllne axial How velocity (Hz) 

g ■  local acceleration due to gravity (ft/sec ) 

gc =  gravitational constant = J2.17 Ib^ ft/lb* sec 

G ■  mass flow rate (Ib^/sec ft ) 

G ■  gain of amplifier(s) 

h =  vertical displacement of liquid level in manometer 
(inches H2O) 

I» =  elevation (kft) 

H =  specific enthalpy (Btu/lbm) 

AHK        =  molar heat of reaction (cal/mole) 

AH^        =  specific heat of reaction (Btu/lb or cal/gtn) 

I =  current through heater at location of test probes 
(amps) 

1 =  light intensity transmitted through the gap of 
absorbing gas (intensity) 
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lo incident light intensity (Intensity) 

k =  thermal conductivity (ßtn/tt-hr• F) 

kD lorward specific reaction rate constant used by 
Rosser and Wise f 2()) (cmJ/mole • sec) 

kF 

K 

I 

:.. 

forward specific reaction rate constant 
Ucm-Vgni mole)'1"1 sec"! where n = order of 
reaction • ij 

kR "  «"averse sped lie reaction rate constant 
[(cm-Vgm mole)11"1 sec-1 where n = or^er of 
reaction • l] 

*! =  one-dlinensl mal wave number (cm*^) 

kl "  one-dimensional wave number based on test section 
D diameter (cm"!) 

kl one-dimensional wave number based on test secti 
*TS length (5 ft) (cm"1) 

on 

flow coefficient lor an orifice plate defined by 
the equation 

K E 

Vi -ß 

distance from pressure port to upper level of 
manometer fluid (in.) 

• ■  characteristic turbulent scale (cm) 

* ■ gap width of optical probe (cm) 

^XS length of center test section = 5 feet 

length ol heater or distance between static pressure 
ports; distance In axial direction (tt) 

■  mass velocity (lbm/sec) 

M "  molecular weight (gm/gm mole) 

I mesh (distance between square openings ol rods or 
wires In grid or screen) (cm) 
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N^ -    DainkohLer number oi   the second  type  for Nü^ defined 

""NO, 

XPr 

^R. 

r 

Mxl 
m2 lD 

CP&PDI2 

N =  irozen Lewis number dellned by NL  «   k 
Le^ % S 

\ ■  turbulence Mach number 
'Ma 

N   » "^ Ma    a^ 

N
(t)       =  Peclet number defined by Npe   ^VD kl 
Pe D 

= Prandtl number dellned by Npr  C? li/k 

= Reynolds number defined by Np^   Dt'/fl 

- Schmidt number defined by N  5 pff  D  Npr 
/N
U.. 

Sr. a'- ^    ^ 

p = total system pressure (atm) 
2 

AP »  pressure drop In system or across flow meter (lbf/ft ) 

P =  power Introduced Into (or extracted from) the 
R turbulent flow due to lite presence of chemical 

reaction (cal/sec) 

p =  power passing through tlu turbulent flow due to 
T the Inertlal forces themselves (cal/sec) 

. heat flux (positive If direction ol transport Is 
from wall to fluid) (Btu/hr) 

heat flux density ■ q/A (Btu/hr*ft ) 

radial distance from the centerllne of the tube to 
a point of Interest (ft) 
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ro        "  tub<' radius (fett) 

R " faLrmHwnt.t'(,Ual LO l0•7,^U, Ibi/i"-2 lb "'"le  R = 
I.V87 cal/niülv  K ■ 82.0b cmJ atm/mole  K 

(RTc)f.    - resistances to heat transfer by convection through «as 
(Rrc)c ? ar0Und sPherical bead of thermocouple (f) or bv 

conduction through the bead itself (c) (hr •F/BTU) 

1 "time (min) 

T ■ temperature ( F) 

f 

11 

f 

x 

- local longitudinal velocity at some location within 
the test section (ft/sec) 

- turbulent (or fluctuating) velocity (cm/sec) 

- mass average velocity defined by U = m/pb7rr
2 (ft/sec) 

- distance between two locations of temperature 
measurement (In.) 

- distance from injection cylinder to location of 
measuring sites; i.e., thermocouple, pitot tube, a:.d 
optical probe tips 

x.\0       " m>le  fraction of NO, 
> 2 

v - ^'ance from the pipe wall to a point of measurement 

yl        " ma88 fraction of species i 

Y - an expansion factor related empirically to the dis- 
charge or flow coefficient lor a «as to that for a 
liquid at the same Reynolds number 

z -  longitudinal position in test section (ft) 

Greek Symbols: 

ß -  ratio of orifice diameter to pipe diameter 

» wall roughness (rms inches) 

€
N0 (X.T)   . extinction coefficient for N02 at wavelength. X, and 

2 temperature, Tf(mole/llter)-l cm"!] 
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A =  ratio ol output sinnal to input signal of sensor 
divided by permanent signal attenuation due to its 
finite time constant 

^ ■ effectiveness parameter (see Equation 2) 

^ • wavelength of Unlit (angstroms) 

M ■  viscosity (Ib^/ft sec) 

^ ■  degree of advancement of a chemical reaction, for the 
NO2 decomposition (Reference 31) 

1 " XNÜ2 
^ ■  '—■  (gm moles) 

XNÜ2 

^ -  3.1416 

P ■ mass density (lb /ff*) m 

2 
T        ■  shear stress (lbf/fO 

^TlC^f " characteristic response time of thermocouple due 
to convectlve heat transfer through the gas film 
about the thermocouple bead (sic) 

^TTC^C " characteristic response time of thermocouple due 
to conducti\e heat transfer through its inn«, lion 
bead (sec) 

T
e ■ character iitic turbulent eddy life-time (s. c ) 

T
c "  characteristic ener   iddltion or extraction rau 

due to exothermic or 1 Jothermlc reaction (sec) 

0^(f)      ■ rms fluctuating temperature at Irequency 1 ( F/cps) 

et(0 " letU)|l/2 

0^^)      " rm8 fluctuating concentration at frequency 1 
[(moles/1 iterWcps] 

9j ■  total rms fluctuating temperature ( P) 
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1 

e^ ■  total rms fluctuating velocity (It/sec) 

©C "  total rms fluctuating concentration (molcs/lIter) 

Superscripts: 

■ root mean square value of a fluctuating quantity 

■ refers to orifice plate measurement, property based 
on orifice plate measurement; or parameter derived 
from nonreactlng flow experiments 

Subscripts; 

A =  refers to the cross sectional area of the test 
section wall or to the upper static pressure port 

b *  refers to properties of the bulk gas 

B ■  refers to the lower static pressure port 

c ■  refers to a value corrected for Instrument error 
or to test section centerllne 

e ■ chemical equilibrium state 

f =  refers to properties evaluated at the film temper- 
ature defined by Tf s (Tw + Tb)/2 

f =  refers to properties evaluated at a film temperature 
corresponding to \\i  = (^ + Hb)/2 

F =  designates frlctional pressure drop 

g =  refers to the gas used to pressurize Instrument lines 

h =  refers to the period of time during which the heater 
at the probe location was on 

i ■  refers to Insulation or to the Inside pipe dimensions 

L ■  refers to longitudinal measurements along the pipe 
wall 

N refers to the manometer or manometer fluid 
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ow ■ refers to measurements made at the outer pipe wall 

op - orifice plate (flange taps, squared edgt'd orifice) 

pt » pltot tube (or total head - static pressure) 

sp ■ static pressure (at wall along tube length) 

T ■ refers to the total quantity of total time Interval 

w ■ refers to measurements made at the Inside wall of 
the test section 

1^2       ■ denotes different radial positions In the test 
section Insulation; or I - upstream position, 
2 ■ downsfrcam position 

^        = refers to a property evaluated at (locally) frozen 
conditions 

oo ■ refers to bulk gas conditions before entering the 
test section or bulk gas conditions upstream ot  the 
injection cylinder.  Refers to bulk gas properties 
in the test section or injection line calculated 
from orifice plate data 

i = refers to Injection line or to properties in the 
injection cylinder 

oo,        ■ refers to bulk gas properties downsteam of the 
injection cylinder 

X/D       ■ refers to bulk gap properties downstream of the 
injection cylinder 

la,        =  refers to gas properties In the injection line 

Bl        » refers to (injection) body intercepted properties 

Overlines: 

time average 
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SECTION I 

INTRODUCTION 

1.1  BACKGROUND 

Radar backscattering measurements can be used  to  infer the  size and weight 
characteristics of re-entry bodies  from the structure of their turbulent 
wakes generated as  they re-enter  the earth's atmosphere.    The structure of 
these wakes can be characterized by such properties as:    electron density 
fluctuation intensity and scale,  growth of turbulent electron wake with 
downstream distance,  altitude  for  the  transition  from a   laminar to  turbulent 
wake,  and  the transition  location relative to the body  .     If any of these 
properties can be  significantly altered by  the  injection of modest amounts 
of appropriate additives,  then a new tool would be available to the 
re-entry system designer whereby small bodies could be made  to  look,   from 
a radar backscatter signature standpoint,  either  larger or smaller than 
they actually are. 

That  there could be additives which could cause such changes  in turbulent 
re-entry wakes  is suggested by some recent  theoretical  results  (References  I 
and 2)  which  indicate  that significant changes   in  turbulent structure would 
be expected  for compressible  flows  in which exothermic or endothermic 
chemical reactions occur  fast enough and with   large enough chemical  reaction 
heat effects.     Such a nonlinear alteration of the turbulence by chemical 
reactions  is the converse of  the more usual  situation  in which the  turbulence 
significantly affects  the chemistry  (Reference  3).     Interactions between 
the  transport  process and  fluid state with  the  turbulent  structure of  the 
flow have been previously predicted  (Reference U).    No direct experimental 
determination has been made of the effect on  turbulent  structure of chemical 
reactions which deposit or absorb sufficient energy in  the  flow at a  fast 
enour'i rate.    An appropriate  flow system and  Instrumentation has now been 
developed  so  that  such a determination can now be made under will  defined 
conditions  for the range of variables of  interst.     The   following paragraph 
outlines  the  scope of  the program      dertaken  to obtain  the answers needed 
to evaluate  the  feasibility of this  concept  for significantly enhancing 
re-entry system penetration capability. 

1.2     PROGRAM OBJECTIVES 

The overall  long-range objectives of  this program are  to:   (1)   determine 
which chemical property-flow parameters arc  sensitive measures of the 
effect of chemical  reaction on turbulence  structure,   (2)   determine,  by 
experimental means,  how various  turbulent  structure properties of a  flow 
depend on  those parameters,   (3)   determite which materials have  the desired 
physico-chemical characteristics  to be appropriate candidates   for a 
re-entry applicatior.,   (A)   determine  the rhange  in  turbulent  structure 
achieved  in a  turb'ilent wake as a  function of  the  injection  flow rate and 
state of the most  promising candidate materials,  and  (5)   evaluate by 
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pertinent  flow calculations,   the effectiveness of  this approach  lor 
modifying the  turbulence of re-entry wakes. 

The first year's Rffon has now been defined In scope so as to include some 
werk in areas (1). (2), and (3), with completion of work in these areas, as 
well as   in areas  (4)   and  (5)   planned  for  the  following year. 

The main  thrust of the  first yea-'s  program  is  to carry out  some selected 
experiments  in an appropriately modified  flow system with suitable  instru- 
mentation ai.J with both  the chemistry and  flow conditions well defined.  The 
subtask breakdown   is as  follows: 

TASK  7.4 

EXOTHERMIC ADDITIVES  FOR WAKE MODIFICATI^V 

Subtask 

7.4.1 
Experiment Design 

Scope 

Analysis of existing theoretical studies, 
modification of chemical models for 
systems of interest, determination of 
experimental conditions required in 
order to meas ire effects. 

Approximate 
Percent of 
Total Task 

10 

7.4.2 
Test Apparatus 
Design 

7.4.3 
Fabrication, 
Assembly, and 
Calibration 

Development of design for: modified test 
section of the flow system, injection 
and pressure control system, modified 
instrumentation, and modified turbo- 
blower seal and temperature control 
system. 

Preparation of flow system and instru- 
mentation for experimental measurements. 

10 

20 

7.4.4 
Experimen* il Test 

7.4.5 
Data Reduction and 
Analysis 

Measurements made with both nonreacting 
and nonequilibrium reacting gases. 

Procedures developed for reducing the 
raw data to forms suitable for 
analysis, and determination of 
correlations of derived results. 

30 

30 

For convenience in reporting on the progress achieved on each of these 
subtasks. Section II treats Subtask 7.4.1 by itself, while Section 111 
deals with the combination of Subtasks 7.4.2 and 7.4.3, and Section IV 
covers Subtasks 7.4.4 and 7.4.5. 
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SECTION II 

EXPERIMENT DESIGN 

2.1 MAGNITUDE OF EFFECTIVENESS PARAMETER FOR VARIOUS EXOTHERMICALLY 

REACTING SYSTEMS 

It has been shown (Reference 2) that thi effectiveness parameter, T1, defined 
as the ratio of the power added to the uurbulent field by the exothermic 
energy release of species reacting In the flow to ••he total power passing 
through the turbulence Is a direct measure of the Influence of chemical 
reactions on turbulent structure.  If this power ratio la greater than 0.1, 
the scale. Intensity, and (turbulent) dlffuslvlty for momentum transport are 
all significantly affected by the presence of the exothermic reaction In 
the flow.  Both Intensity and dlffuslvlty, according to the theoretical 
model, can be Increased by approximately an order of magnitude If T) IS 
on the order of one. Two principal problems exist:  Is f) the appropriate 
measure of the Influence of exothermic er.erg- release on turbulent struc- 
ture, and how do the various measures of turbulent structure vary wlthT)? 
I.i order to make an application of this Interaction for re-entry system 
design. It is also necessary to determine which chemical species will 

exhibit a T] value on the order of one. 

The power ratio, 

t| =- PR/PT 
(I) 

has been predicted to depend on the chemical and flow parameters In the 

following way (Reference 2), 

M m 
where the proportionality factor, B, Is net far from unity and has a 
relatively narrow dynamic range. We have used Equation (2) to make esti- 
mates of T> for a hypothetical re-entry flight case and for situations 
characteristic of the flow conditions achievable In the recirculating 
flow system described In Section III. The results of these calculations 

are as follows: 

CASE I  RE-ENTRY PLIGHT OF CONK 

h ~100 Kft 

tU    ^20 Kft/sec 
BODY 

J "v D     - 1 ft 
*  üBODY 

TWAKE " 200üOK 

u ~0.3 (Üc- ÜJ 
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Kor Oxvi-rn  Atom  Koccmhin^ 11 on; 

-1 kF 
TC   "   (kFC0CM)     :   " +  0 + N   *    02 + M 

T)  ^0.01 K 

For  Hvdroc.irbon Oxid.Ttlon: 

<TC /T )   ^ lo4 

OXYGEN    cHYDROCARBON 

^"RHYDROCARBON^^XYGEN^ 3 

T) * 300 

CAFE^ GRID. SPHERE, OR CYLINDER WAKE IN RECIRCULATING FLOW SYSTEM 

For Nitric Oxide Oxidation (CriJ or Sghere Wake); 

2 NJ + 02 * 2 NO) 

_!kR 

u -v o.j T' m 

V^   • 50 ft/sec 

I - 1 inch 

U •* 15 ft/sec 

■• 

NMa  ■ u/a.   ^0.01 

T  ~|/u »v 0.006  sec 

1 d C 
NO 

'NO 
"Jl       "   kFCNO(:0, 

Tc1 o     "b 8ec; T
c 1   atm,   800  K c 

(u)      . 0.005 cal/Km 

10 ntm,   800 K 
"- 0.06  sec 

ViA^/-' 

^lOatn,^0'2) 

~150 cal/^m   i y    ^  n 

/ no \/o.oo6\ 
\0.005/( 0.06   j (0.01)4 -v  io"5 
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For NltroMon Ploxtdg Reco-uinüiion (Cylinder Wakf): 

2  NO N2O4 

B -  0.2 

For Conditions  ot  Kxpc-rIment   IN-Ja   (SVL- I'araKraph ^4?! 

^NO, " 0-" 

Ä»L a 150 cal/gm N02 

u a 0.3 (Ü. - Ü) 
00     c 

ua 5 ft/sec, u2 - 5.55 X lO" cal/gm 

I  - 0.25 in. 

T ■ 0.00A2 sec 
e 

a.(5.5 atm, 386 0K) - 880 ft/sec 

M  - 0.00568 
Ma 

T"1 - k / Cvn \ 
a\   N02/, 

k  (-i 386 0K) » 5.88 X 108 (/./gm mole sec) (b) 
3 

f Soli   = 0'159 ^ inole8/* 

-8 
T    =   1.07  X   10      sec 
c 

(0.2) 

7)    =   8.1 

(0.7J)   (150/2 

(5.55 X   lO* 

Ul \(   $L*  H)'4\     (0.568 x  lo-V 
4)     |\l.07  X   lO'0/ 
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These calculations show that in the re-entry case considered the three- 
body oxygen recombination reaction is too slow to lead to an appreciable 
effect, but that the much faster and more energetic two-body hydrocarbon 
oxidition reaction is capable of yielding T) values much greater than one. 
In addition, the two-body recombination of NCL is shown to be a suitable 
material for use in laboratory experiments providing the pressure, vclocltv, 
and scale are kept large. 

The exothermic heats of reaction of several systems are compared in the 
following tabulation: 

Sy.teu -AHR (cal/gm) 

0 + 0 + M: 3,700 

HC + 02: 11,000 

DIB0RANE (B2H6) + 0^ 17.000 

MYDRAZINE (N-H,) + 0 • 4,600 
2 4     2 

H2 + 02: 28,500 

UDMH + 02: 7,800 

TNT + 02: 3,600 

AHEXPL0SI0N " "00 "VV* 

Selection of a system for practical application will be based prlmar 
on consideration of the value of T for the situation of Interest, si.ice 
the specific exothermic heat of reaction cannot exceed, for most systems, 
several tens of thousands of calories/gram (T) is greatest for the largest 
-AHR and the smallest T ). 

2.2  FLOW CONFIGURATION AM) INSTRUMENTATION 

Since the nitrogen dioxide recombination reaction exhibits a high enough 
T) to significantly affect the usual measures of turbulent structure, 
a series of experiments were designed for the use of this reacting system 
in the recirculating flow facility described In Section III.  In Flgu.-e i 
the experiments designed for either flow behind a blplanar grid (injection 
of NO2 through small hole* in the rods of the grid) or a sphere (injection 
at the forward and rear stagnation points - Injectant brought Into sphere 

-6- 



Z 
UJ X 

rsi O o 
o 

o 
-«0 ro Q       J 

m 

rj 

O 

m 
•»^       o 
c O 7 

A        -' 

s 

z00 

DC 
u 

Al 
Q 

0 
X. 
to a 

o 
at 

HI 

■ I 

—< 

A 
LD ir, 

ui 

Ui 

ty-. 

a: 

o 
rj 

VI 
to p 

.1 

H 
-T 
OC 

C 
I-- 

H 
'O 
M 
n 
SB 

O 

V 

•E 

xirii 
CJ 

7 ̂
7 

O 

^4 

N 

I 
u 
< 

s 

Bd 
C 

U 

c 

EC 

o 
u 

c 

3      oj i-H 

o S 
H O 
to to 
u: 
5 

;: u r- 
i—i 

aj 
u: 

c — 
U 
u: 
M 

H 
M 
U 
H 

-7- 



secTi^n itlShei?i0
SUPPOr.tinK ^   ^^  at the ^^   t0 ^  test 

shown i,; A'le  2       ^1^°  ^^   f0r Wakt' ^J""on studies Is s own in "«UM 2.  The instrumentation shown schem,tical 1 v in Fibres 1 
and 2 is described in detail In Section 111. 'iKures l 

Kxperiraents     carrIed out as a functlon of  „„ 

L..Sr.d"Ur?h:l?;jMt ,t0 l 't?0iphere at W,,Uh '^'^^ant effect. c.n be m asured.  The initial experiments were conducted at 10 atmospheres tot;,! 

I    ZD
C°nTiVity  r1"' '"*«««• •« a glv.n pressure LTc«pm.on 

sec i!„ ;„„"^ K"""""^ 0f t"e bulk H204 - Nü' »>»torn entering i,e test 
in^rr^cXLt^:011611 ^ " ^ a t™"""Ure " Po-lb.cluhout5' 

tho'pÜu™: oTth^th are e,<"?Cted '" the N02 *y"™  I" """" with 
based on Z °£,;h,i

f
t^™o"uple Junctions at temperatures up to 1200°F 

oased on the data o£ Brown and Mason (Reference -m  n.,,- »„      ^. 
measurements generally were confined o empe"",;^, <^ ^

Per'™n'01 

r ec" ^rw^lSt'e""1:^^ ^ ^ *«™tl" -nd"^«      i «ion 
^^      s ^VrSe^e^r^nctenrT'ir^ 
have ahoi thaTm      "H   ■   /Shm0re and '-*>*•"  (References 28 and 29) 
tton of the X N03h"

d"    complications occur only for   <10J decomp« - 

from hea    tran fer da a SUPPOrted by BOdman' SLüi-(Reference'jO) 
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FIGURE  2.  INJECTION FLOW SYSTEM AND ASSOCIATED INSTRUMENTATION 
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SECTION III 

EXPERIMENTAL EQUIPMENT AND CALIBRATION DATA 

THE THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE DISSOCIATING NO; 3.1 
SYSTEM 

The .„en.odyna.ic and transport properties •^^^„^rt^.T.l1-1'" 
rlum reacting NJO^-NOJ system used In this '"«* l*J;      ertles wrre 
cuUtad by Svehla and Brokav '^f«'"-'' ^ i^o J increment s and for 
tabulated for temperatures from 300 to 1280 ^ n - of j t0 
pressures from 0.01 to l00, atmo8''h""-. '" '" ^ejements of 1 atm. These 
11 atm. all of the properties were ^ a^b a ^ .%an and Mason (R.f. 

r/;-%r^rtrL:r:;:re:;at rtotaipresu^ ^ 

-^r^r^r^Ucitr/^ffr.nL'coainnts      These are obtained  from 
Broklv, and Svehla (Reference 8)  and  Bodman  (Reference 9). 

. *       ,K    „„„flihrlum dearee of advancement   (related  to the  fraction 
V.l«. of «.,    h    ^j;1 ^  l^e«^eN02 decompcsltions are shown  in 
d,ssociated)     for "»^ "•"?"* equilibrium and  frozen thermal con- 

^rvities^r: ISrfor'rUlir.ocUttng systems as a  function of 
temperature  for  I and  10 atm total  pressure. 

3.2     FLOW SYSTEM -   PIPINC. AND CASKETS 

a'scheme  layout of the -circulating test  loop  is ^ in^gur. 4.^ 

All metallic  parts were  constructed of^^ "J^1*" '  ,l«.i  are  shown   in 
all  dimensions of the  loop,   includin*  the  "0^1 J PC

f  ^es  and  »pUxl- 

JIU.  5.     All main  P^^«—^^^^^ro    be       b^os  and  stain- 
callic"  gaskets   (layered  ^^"^"^^ ^ ^e mmbcr of   flanged   joints 
less steel)  rather than screwed ccnnectloM.    xne n bUm,    pipe 
was kept   to  a minimum  in order  ^J^" ^^fto .tlnd.rd  ASME  300 psig 
M.U  and   flange  Sicknesses were     eectecordn^^ ^  ^^ ^  ^ ^ 

oesign   in order  to account   for he  L^at^      ^.^  jolnts were  required 
in,um expected  test  pressure of 150 psig      ^J1^  }       svstein Was  thoroughly 
at   the  several   locations  shown in  Figure 4 he  pipi 
cleaned  before N02 was  brought into  contact with  It. 

..-.-   nf  Fleurc 4     I plenum section   (containing 
As  is  shown   in  the    op PartZ^8^ our^d  contraction)   preceded  the 
screens,   straightening vanes.  «^ • ^'^.i^  to properly prepare 
three  portions of the  test   ^Uon  *nd «J« ^ «^  inj

P
ec?ion  system used 

the  flow for its passage  ln" ^"VJ™f^ line connected to the 
:n the wake measurements c°nsi^e

e
d
e°  ^7! enum as shown in Figure 2. 

rD^lusr^r^ertrryl^ra^rgrvrn ^n Paragraph  3.8.) 
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SCREEN AND        VENT 
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FIGURE 4.     RECIRCULATING   FLOW  SYSTEM 
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FIGURE 5.  OVERALL DIMENSIONS AND NOMINAL PIPE SIZES OF THE 
RECIRCULATING FLOW SYSTEM 
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3.3  TURBOBLOWER WITH MECHANICAL SHAFT SEAL 

Th« prime mover for the system Is a 3 horsepower. 4 hearing  overhung turbo- 
owerl rated at 100 ICFM .or I psi with gas o. sp.ci.ic «"vitV equ.l to 

1 588 at 800' F and 175 psla (an approximation to the upper oporating limit 
iclpated with the NO, system at the blower).  Tho flower has 4 Inch 

flanged Inlet and outlet connections and Is also provided with a 1  nch 
!.pass line valved so as to provide flow rate control down to -ry low low 
rates.  Primary control of the flow rate is accomplished with a Varldrlve 
variable speed motor system directly coupled to the blower shaft. 

The seal between the hot reacting gases In the blower shell [•* pre.-ure. 
to 10 atm) and atmospheric air Is accomplished with a mechanical •••J 
Sealol H05  doubl, bellows seal) cooled exte-nally with water and .t .ched 

0 the rotating shaft of the blower.  The gas seal occurred *Vrf% ? Ute 
face between a polished graphite ring rotating against a polished Ste lit. 
"face fixed to the blower shell.  Great difficulty was encountered tn 
effecting an adequate seal until various design modifications were made to 

e sell^uslng^ the mounting plates, the «tatlc gaskets  an  t e el ows 
suoDorts  Also, It was found that the alignment In all dliectlons o  the 
eallnd'shaf Relative to the blower shell was an extremely critical factor 

rachievlng the seal.  Now that the required ^J^^^J^^ 
the blower Is capable of running for extended periods of time with its 
shell heated to a temperature as high as 725' F wltbout any * «"Iflcan 
Uakaae at the seal.  Whet small NO, leakage does occur at the »eel Is not 
1 hazard Is the gas readily dissolves In the seal cooling water flow and 

passes to the drain. 

A view of the turboblower Is shown In the foreground of Figure 6.  This 
fllre shows the system before addition of the heating elements, instru- 
Nation  cooling lines, guard heaters, etc.  The lower portion of the 
Ts   ectlc. an  the exU plenum are visible In the background   A two  evel 
nlafo^ system was built In order to provide access to the var ous parts 
of thHerltlcal sections.  A view of the system after the Insulation and 

cooling lines had been Installed Is shown In Figure 7. 

3.4  HEATING AND ASSOCIATED CONTROLS 

The heating Is accomplished with - 30 kw of ac power supplied to nlchrome 
wi™ embedded In semlcvllndrlcal annular elements cast from ^in^    ^ 
hea ing elements are each 1 foot long, conformed closely J" ^^^ « f . .^ 
dimensions of the pipe, and are capable of dissipating ~ I kw of electrical 
ooCer  The general distribution around the piping system is shown In 
TiZre  4  The five l-foot long heating elements In the center test sect.on 
are controlled by proportional-mode type controllers so as to produce a 
desired back wall temperature (kept constant along the ^st sect on eng  ) 
(see Appendix I. Table I).  The other ten heating elements in the entrance 

* Manufactured by the Spencer Turbine Co.. New Haven, Connecticut 
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ami exit sections are controlled manually with •utotra",J°r™";o^J prt.. 
on/oif controllers and a large autotranaformer are used to control tu pre 
heater elements.  The "tine" or trim heater located at the c"'""" " ^ 
top plenum is controlled by a Leeds 6. Northrup control er containing pro 
portlonal. reset and rate modes of control.  Control of the bulk ««« J^- 

perature ^nterinK the top plenum Is better than +1 F.  A V°l\io\0<lh°m 
electrical power control panel In the early stages of assembly of the system 

Is shown in FiRure 6. 

Several of the cast alumina heating elements used on the test "'tlon 
(nominal 2 Inch double extra heavy pipe honed out to 1.953 inches on the 
ID) are provided with holes to provide access for the probe holders and 
hermocouples spot welded to the back wall of the pipe. Numerous Chrome 1- 
Alumel thermocouples are located throughout the system to monitor the tem- 
perature variation with time at various critical locations. 

3.5 NUCLEATE BOILING HEAT EXCHANGER 

To cool the gas leaving the exit plenum down to a temperature compatible 
with the turboblower, a 2 Inch tube In a 12 Inch shell heat exchanger con- 
nected In parallel with a ball valve controlled 4  nch bypass  ne is 
installed upstream of the turboblower Inlet.  Boiling water, with the 
Jeam pressure controlled to 25 psig. has been found adequate for he 

larZZ  experiments so far completed.  The liquid level '"^f * l
t ^ 

automatically controlled so as to maintain a level above the top of the 
center  tnch pipe.  The shell was designed so as to withstand pressures 
as high as 200Ppslg. thus permitting a much larger cooling capacity than 

has been found necessary. 

All oortlons of the piping svstem are Insulated with a U   inch thickness of 
Ügn^U InauUtUn." An ipproxlmately 2 Inch thick blanket   magnesia 

insulation Is wrapped around the turboblower shell as well. 

3.6  PROBE HOLDERS AND ASSOCIAV H S2ALS 

In Pleura 8 the location of the heating elements, instrumentation probes 
stat rpressure taps, and the trip plate are shown for the pipe low experl- 
mens discussed In sictlon 4.  Also, a number of the Important d ^nslons 
are showTln this figure.  Injection experiments were carried out with the 

heaters removed from the center test section. 

^^'^iL-::^ Two^t^rro-ir^ r„m^:a^t^:,^en yu;^. rh u8rg. 
The o^rC'provlde a sliding M.1.    The cro», section of the cyllndrlcl 
I      «„It.  .(.nlficantlv reduced   In the   Immedtate vicinity of the  test 
«    ^n i U ' i    thÄ«: a guard heater  is  installed to jlntat« the 

Tss of heat  from the test section wall by conduction to the ambient 
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surroundings and to assist in maintaining a uniform temperature on the 
inside of the test section wall at the probe entry point.  The temperature 
of the cylindrical housing near Its flanged end at the test section wall Is 
monitored with a thermocouple.  The electrical power to the electrical 
resistance-type guard heater Is manually adjusted so that this temperature 
Is comparable to that measured at the outside wall of the test section. 
Farther back from the guard heater a small cooling coll Is fitted to the 
outside of the cylindrical housing In order to maintain the temperature In 
the vicinity of the o-rlngs at a level which would ensure their proper 
functioning as seals « 400LF).  Each probe assembly Is fitted with a cali- 
brated drive system and displacement gauge sensitive to translations of 
0.001 Inch.  The entire enremble has made It possible to obtain reasonable 
radial profile data under quite hostile conditions. 

3.7  INSTRUMENTATION 

3.7.1  PRESSURE AND PRESSURE DIFFERENCE MEASUREMENTS 

Since the vapor pressure of the N2O4-NO2 system Is such that at 10 atm 
total pressure the boiling point of liquid N2O4-NO2 is on the order of 80'C, 
tare must be taken to ensure that liquid droplets do not obstruct the pres- 
sure lines connected to the system.  This has been accomplished by connect- 
ing each pressure line to a drip pot assembly (Reference 10) at a point 
close to the flow system Itself and by guard heating to over 100 C the Inter- 
connecting pressure line between the system and the drip pot as well as the 
drip pot Itself.  The pressure line connecting the drip pot to the pressure 
sensor Is, In each case, of considerable length.  A» the start of each 
experiment these lines are filled with dry N2 to provide a buffer between 
the sensor and the drip pot.  In no experiment has NO2 vapor been detected 
at the sensor location.  In some cases, erratic pressure difference meaiure- 
.nents were thought to be caused by the hold-up of liquid N2O4-NO2 In the 
pressure lines, possibly at some point between the drip pot and the sensor. 
When erratic results are being obtained, the simple expedient of purging 
with N2 under pressure Is used to clear the lines.  This usually restores 
the system to Its normal condition. 

Total system pressure measurements are made with precision stainless steel 
bourdon tube gauges.  All pressure difference measurements are made with 
the specially designed nulllng-type mlcromanometer shown In Figure 10.  Water 
Is used as the displacement fluid.  Displacements are measured to within 
0.001 inch.  Total displacements of up to 8 Inches can be measured with this 
device.  Both fine and coarse translations of the sloping glass capillary 
tube can be made.  Accurate measurement of small pressure differences are 
required for the determination of mass flow rates with the aid of the ori- 
fice plate installed downstream of the blower outlet, for the determination 
of the static pressure drop down the test section (static pressure holes In 
the test section wall are 0.0135 Inch In diameter), and for the determination 
of the local velocity In the test section with the aid of the total head tube 
and appropriately located static pressure tap (see Figure 8) 
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FIGURE 10.  PRECISION MICROMANOMETER FOR USE WITH HIGH PRESSURE REACTING GASES 
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The orifice plate is of standard square edge design (orifice flange with 
orifice diameter of 2.15 Inches - flange Installed In a nominal 3 Inch 
schedule AO pipe).  The sensing end of the total head tube Is constructed 
of standard stainless steel hypodermic tubing (outside diameter a 0.050 inch 
or 0.065 Inch, Internal diameter a 0.034 Inch or 0.040 Inch, respectively). 

3.7.2  MEAN TEMPERATURE AND HEAT FLUX MEASUREMENTS 

The time-average radial temperature profiles are measured with a butt welded 
exposed junction of Chrome1-Alumel thermocouple wire.  The wires are sealed 
in a stainless steel support tube filled with magnesia and swaged to effect 
a pressure tight seal around each of the wires.  The fast response thermo- 
couple probe (see Paragraph 3.7.3) is also used for time-average profile 
measurements.  It consists of an exposed Junction of PlatInum/Platinum- 
10 percent Rhodium.  In both cases the junction Is In the shape of a sphere 
several times larger than the supporting wire diameter.  The sizes for the 
Chrome1-Alumel couple are:  sheath outside diameter ■ 0.062 Inch, wire 
diameter » 0.011 Inch and Junction diameter ■ 0.020 Inch.  All temperatures 
are measured with a precision potentiometer (Leeds and Northrop Model K-3) 
(see Appendix I, Table II). The overall accuracy of the time-average 
temperature measurements Is estimated to be within 0.1 F. 

Wall heat fluxes are determined by measuring the electrical power dissipated 
in a 1 foot long heating element (consisting of two semlcylIndrlcal halves) 
located just upstream of the probe insertion position In the enter test 
section (see Figure 8).  Longitudinal losses In the test section wall are 
accounted for with the aid of axial back wall temperature measurements via 
spot-welued thermocouples (leads from the junction were "guard heated" by 
being aligned with and attached to the back wall for several Inches awav 
from the Junction).  Losses through the 4 inch rhlckness of magnesia insu- 
lation are accounted for by measuring the temperature at two different 
depths in the Insulation.  Inside wall temperatures at the steady state are 
determined by calculation knowing the net heat flux Into the test section 
wall, the back wall temperature, the wall thickness, and the dependence on 
temperature of the thermal conductivity of the wall material.  An Indication 
of how the total power consumed by one heating element varies with time 
during the course of an experiment is shown in Figure 1],  Note that approx- 
imately 4 hours are required for the heat flux to settle down to a reasonably 
steady value.  Considering the uncertainty associated with the corrections, 
we estimate that the heat fluxes are known to within 10 percent (at best). 

3.7.3 THE FAST RESPONSE THERMOCOUPLE PROBE AND ASSOCIATED ELECTRONICS 

The sensor selected for use In measuring the fluctuating temperature and 
its dependence on frequency In the high tenperature reacting NO2 system is 
a fast response thermocouple based on the design of Sesonske and coworkers 
(References 11 and 12).  The f'jrm being used In this Investigation Is shown 
In Figure 12.  A close-ap photograph of the larger, fast-response, thermo- 
couple probe Is shown In Figure 13.  Its installation in the probe drive 
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FIGURE 12.  SENSING END - FAST RESPONSE THERMOCOUPLE PROBE 
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FlCniE   13.     FAST RESPONSE TilERMOOOl'FLE JUNCTION CONFiaiRATlON 
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mechanism Is shown In Figure 14.  In order to obtain the best possible 
frequency response and spatial resolution, measurements were made of the 
maximum current carrying capacity of small-diameter, thermocouple wire? in 
still air. The results, shown in Figure 15. indicate that the 0.00ü3-lnch 
Pt/Ptgo Rh10 lead wire combination can carry ^100 »-illiamps without burn- 
out.  This level exceeds the transient surges of current measured at the 
input of the thermocouple amplifier (used to greatly Increase the fluctu- 
ating signal for data processing purposes) which arise from electrical noise 
interference from the switching of high power equipment in neighboring 

laboratories. 

The fluctuating dc signal from the thermocouple probe is amplified by a low 
noise amplifier modified so as to have a gain of ^12,200:1 (References 13 
and U) (see Appendix I. Table II).  The output of the ampll/ier is independ- 
ent of frequency 'n the range 100 Hz to 1 kHz (see Figure 16). The narrow 
band noise 'as me. sured over the frequency range 10 Hz to 1 kHz and wa« found 
to be on the order of 0.01 to 0.05 microvolt.  Input signal levels with the 
corrosion resistant Platinum/Platlnum-10 percent Rhodium thermocouple are on 
the order of 20 to >100 microvolts. The data from the probe/amplifier 
system are processed according to the methods outlined by Rust (Reference 15). 
The electronic instruments used to carry out the data processing are shown 
in Figure 17. The connections between the instruments is shown in Figure 18. 
A bandwidth calibration for the wave analyzer used in obtaining the spectral 
Information is shown in Figure 19 (determined by the method cf Reference 16). 
A true RMS meter is used to obtain the wide band, or total, RMS fluctuating 
temperature (Appendix I, Table III). 

The characteristic time response of thermocouple junctions with the config- 
uration shown in Figure 12 has been estimated by Rodriguez-Ramirez 
(Reference 11, pp. 84-93).* We have recalculated the time constant (which 
accounts for the gas film resistance and lead conduction effects) for the 
larger Junction-lead configuration used by Rodrigues-Ramtrez (0.0025-inch 
Junction and 0.0005-inch leads) for both his and our flow conditions.  We 
have also calculated the same time constant for the smaller Junction-lead 
configuration (0.0006-inch Junction and 0.00G3-inch leads) which we now 
use for our turbulent temperature measurements. The results are as follows: 

*An error was made in the calculation of the gas film resistance time con- 
stant for the 0.0025-inch Junction in an IL - 20,000 (based on 1-inch tube 

diameter) air flow. 
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FIGURE   I 7. INSTRUMENTATION FOR THE OPTICAL  PROBE SYSTEM AND FOR THE 
FAST RESPONSE THERMOCOUPLE  FROBE 
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The effect of the finite time constant on the frequency attenuation of the 
sensed signal, A, given by 

A - 
.2 

2  2 
1 + bit    f 

i   i t     r VTC/ 

-1/2 
(3) 

Is shown in Figure 20 for each of these thermocouples.  Thus, the 
O.ÜÜÜ6-lnch bead thermocouple has good frequency response out to 10,000 H/. 
Measurements of the transient amplified signal from this thermocouple are 
shown in Figure 21.  The separation between peaks on these traces suggests 
that a /TT.\  of *« 10 to 20 psec Is actually characteristic of this probe. 

This estimate compares favorably with the calculated value. Most of the 
turbulent temperature measurements reported in Section IV were obtained 
with this thermocouple. 

Estimates were made of the free stream velocity decay upstream of a sphere, 
cylinder, and flat plate (disc) In subsonic flow.  For the thermocouple 
configuration shown In Figure 12, the Influence of the 0.111-inch probe 
support body on the velocity of the fluid at the location of the Junction 
tip is small but significant (velocity decreased ** 10 percent).  Spectral 
data should be shifted to higher frequencies by a corresponding amount. 

3.7.A THE OPTICAL PROBE SYSTEM FOR MEASUREMENT OF LOCAL N02 CONCENTRATIONS 

Lambert-Beers absorption law,* 

f ' "" (- €N02 ' 
CN02) 

(4) 

is the basis for the design of a light absorption system capable of measur- 
ing the local NO2 concentration in the high temperature flow system in which 
the total gas pressure could reach values as high as 130 psi^. 

An optical probe system used for making local transmittance measurements in 
dye and water flows at **• 25CC and I atm has been described by Brodkoy and 
coworkcrs (References 17 and 18).  The system and probe design developed 
for use in this Investigation are slgniticantly different than that used by 
Brodkey and coworkers.  It is a 'M.II beam (sample and reference), chopped 
system with high signal-to-noise  itio characteristics and gocd stability. 

The optical system used in this investigation is shown in Figures 22 and 
23.  Radiant energy emitted by the tungsten iodine light source (A) is 

•€.„- - €rt  ar 0 for 3000 < X < 5000 angstroms. 
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divided into two .«parate channels, reference and sample, by 'h« ^c 

beamsplitter (B).  After traversing the two optical paths, the energy is 

brought to a common focus on the face of the Photo™ ^P leVU t'iL« v 
order for the PMT to receive both reference and sample 8*8"al%flte™*"*y• 
a reflective chopper is inserted in the system near the PMT. The chopper 
alternates passing the sample signal and reflecting the reference signal 

for equal amounts of time. 

The sample channel which contain, the optical test probe for Jj« «"«•?"•- 
tion measurements absorbs a significantly larger amount of r««*1*'10" '**" 
the reference channel.  Consequently, it requires a greater amount of input 

radiation if a balance between the two channels is to b* ob^ n*?*' ^* 
?m.    The beamsplitter transmits more energy than it refl*ct8' ^her<J

ort» 
It is positioned so that the reference channel receives the reflected radi- 
ation and the .ample channel receive, the transmitted radiation. 

The optical test probe consists of glass fiber bundles, plastic fibers, 

tapered light pipes, and plastic fiber bundles used as [«P"'1«* «^f1* 
optical leads.  The overall configuration of the optical probe Itself Is 
shown in Figure 24. The probe tip region Is shown In Figure 25.  The jap 
between the optical fiber bundles Is -.0.010 Inch (the exact H-P wa d ffer- 
ent for each probe made). The optical fiber bundle diameter Is 0.025 Inch. 
The bundle pair Is contained In a 0.25 Inch OD 316 stainless «"eel tube 
-12 inches long. The transition from the stiff fiber bundles containing 
the high temperature glass to the flexible fiber linos used to connect he 
prob. £ the optics is made with the plastic fiber, and tapereJ light ppes 
in the rectangular housing shown in Figure 24.  Ceramic cement Is used to 
fix the gap width at the sensing end (Figure 25).  It was found necessary 
to thermally condition the probe sensing end at high temperature ^ obtain 
stable performance characteristics.  Measurements of the effect of thermal 
conditioning on the transmlttance of light through the probe and a direct 
measurement of the probe tip gap width change with remocrature are shown 

in Figures 26 and 27. 

In addition to the apparatus discussed above, the sample channel also con- 

tains two lens assemblies. (J) and (N).  Lens assembly <?) fo™8es ^* 
radiation from the source at the end of the input optical lead  and lens 
assembly (J) focuses the radiation emerging from the output fiber lead on 
the face of the RO.  The lens assemblies (J) and (N) have focal lengths 

of 2.3 Inches and 1.3 inches, respectively. 

The reference channel La similar to the sample channel except for the 
addition of two Iris diaphragms and the lack of an optlca probe.  The rls 
diaphragms are used to balance the two signals by controlling the amount of 

light passing through the reference channel. 
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Trt «m-hmnea th« otrformanc« of th« «Uctronlc ■y«t«m. an »vtn lev«l of llluro- 
w£Z iSJuUM^ th. .urfac. of th. HMl  by forming n..rly Id.nt c.l 
iSSSmtTtU m fie.    Sine. th. lm.K« of th. wmpU ch.nn.lw.. form.d 
iuh . fllr bundl. .nd .. th. obj.ct. . flb.r bundU  »   *■ ^^^ 
th. r.f.rtnc. ch.nn.1.    Th. flb.r bundl. hat th. ..«. .ff.ctlv. l/8-lnch 
dlam.t.r .. th. input-output  l..d. of th. optlc.l prob, and ha. • ^«^ •< 
6 l^t--<.pprcximat.ly th. .am. at th. p.th l.ngth of th. prob, with l.ad. 

(K) and  (M) attachad. 

Th. l.n. aaaambly  (C)  focu... th. .n.rgy of th. .ourc. onto th. *^ of th. 
flb.r bundl..    Th. aaaambly con.l.t. of two .Ingl. conv.x l.nws with an 
•ff.ctiv. focal  l.ngth 01  2.7 inch... 

In addition to th. two chann.la. a light .mlttlng dlod.  (LED)  U us.d  In 
combination with a fl.lo .ff.ct tran.l.tor and chopper for g^OJjyj 
demodulation.    An optical  fllt.r.  locat.d in front of th. P^ omuU P11"»  M 
eUmln.te. .xtranaou. LED radiation from r.achlng  It.    Th.  f  It.r aUo  shap.a 
th« ap.ctral compo.ltlon of th. light striking the photomultlpll.r tub.. 

The spectral characterl.tlea of th. photomultlpll.r  tube and the  fllt.r are 
shown In Figure 28.     The aaaoclat.d el.ctronlcs layout  Is shown  In Figure  .9* 
(see Appendix  1.  Tabl.  III).    With the system so arranged,  the slgnal-to- 
nolse ratio of the entlr. system was on tha ord.r of 2S0tl which  Is quit, 
ad.quate  for m.asurement  of both th. time-average and  fluctuating concentra- 
tions.    The electronic  Instruments used with the optical  probe are shown 
assembled  In Figure  19.**    Monitored outputs arc  «hown   In Figure 30. 

Measurements of the extinction coefficient   «NQOCX.  D  were made with a pair 
of  0.25  Inch quartz rods In place of th. optical  fiber probe.     The measure- 
ments were made with NO, contained  in a static  reactor consisting of a 
Tfoot  long section of  the same pipe material  u.ed   lu the  test  section.     In 
Flgurl 31^ the optical   houslne  system  U shown with the light-tight cover 
plates removed.     Liquid N204  - M, was vaporized   Into  the static  reactor  to 
?he dMred pressure.    Te^eraturi was controlled with resistance heater, 
around the outside of the  reactor.    The distance between the Pol  «bed and 
optically flat ends of th. quartz rods was measured to 0.001  inch with a 
prLi.lon displacement  gauge.    Measurements of  transmlttance with this  system 
were commenced only after  sufficient  time had  been allowed to elapse 
(Figure  3)  so  that chemical  equilibrium would  be expected  to P'*™*    '^;'*h- 
out  the gas to the static  reactor.    The 4360 angstrom results*** obtained 

■•The  filtered output  of  the synchronous dem dulator  is directlv propor- 
tional  to E0-E.  the  time-average voltage difference corresponding to 
rhe  reference  and  sample  beams,   respectively   (see  Figure   30). 

**Neutral density  filters were used   in the transmittance calibration of 
the  system. 

***0btalned using a narrow band   (±2 mß)  Bausch and  Lomb  Interference  filter. 
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E - E CONDITION (BALANCK OF 1NTKN81T1KS -- SAMPLE 
0 AND REFEREN E BEAMS) 
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FIGURE 30. 
COMPARISON OF AMPLIFIED PMI AND FET OUTPUTS^« THE CASE OF NO 
ABSORPTION OF THE SAMPLE BEAM (E - E0) AND MAXIMUM ABSORPTION OF 

THE SAMPLE BEAM (E - 0) (U) 

CHOPPING FREQUENCY - 23.3 Hz 
PEAK WIDTH  21.5 MILLISECONDS 
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for 2    5    and 10 atm total pratiura and tamparaturai to  > 9üü0K ara ahown In 
Uu I       Ind Tabtil.    Tha'ra.uUlng axtlnctlon co.fficl.nt data ara ahown 

in Flgura  J3 comparad to tha scattar of tha data of Schott and Davldaon 
L iJinca. 19 and 20).    Tha ra.uU. ara ccmparabla.    Effactlya axtlnctlon 

co/ff^an!. for tha wldar flltar  (Flgura 28) ara alao ahown In Flgura 33. 

Tha charactarlatlca of tha apatlal raaolutlon ^4^a •« *• ... 
optlcul  flbar prchai uaad In thli Invaatlgatlon and thoia uaad by Brodkay 
and coworkara ara aa followa: 

Probe 

Optical Fiber 
Hundle Dlumeier      Cap Width 

(»nil») (mlU) 

1. Lea and Brodkay 
(Refnrence 17) 

2. Nya and Brodkey 
(Reference 18^ 

34 «> 

10 io 

J. Thli Investigation 

Probe No. 4 25 

Probe No. 5 

14 

K sJET-su-s: s= sars::.;'.- «s-'Sirs i 
•» 15 percent. 

3.8 INJECTION SYSTEM 

Detail, of the Injection cy.in.er -.truction .re ^^/^^S. 
35. The loce.ion of *W\£g^£^J?£Z£?U  with .he 
to the instrumentation " °b" f° .^"^inder diam. ter« down.trea.» fro- the 
probe sensing tips at - 10 injeition ^ 'n°^       ^      ,   ol- the ccn. 
injection cylinder <x/D ~ 10) is ^.J^^jS'MI^B-M««»»"*" 
ter test section region are shown in Figures 7 and 8  The P ^ 
for  the fast response thermocouple was directly coupled 
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and moved on rollers in a tray with radial translation oi the probe itself. 
This close coupling arrangement reduced electrical noise pick-up problems. 

3.9 FLOW SYSTEM OPERATION 

3.9.1  START-UP 

A brief summary of the most important steps involved in the start-up of the 
flow system is as follows: 

(1) Checkout of all instruments for proper 
functioning. 

(2) Evacuation of the system (with a Jet ejector) 
to a pressure of less than 0.1 atm. 

(3) All electrical resistance heaters turned on 
(temperature of piping system in preheat sections 
kept <I400CF.) 

(4) Guard heaters on probe holders turned on. 

(5) Cooling water to cooling coils on probe 
holders turned on. 

(6) Pressure lines between the flow system and the 
micromanometer and the Bourdon gauges filled 
with dry nitrogen to a pressure slightly exceed- 
ing the desired pressure for the experiment. 

(7) Liquid N2O4-NO2 vaporized into system at the 
rate of ~1 psl increase in total system pressure 
per minute. 

(8) Cooling water to the mechanical seal housing of 
the turboblower turned on when total N'02 gas 
pressure in the system reaches 5 pslg. 

(9) Turboblower turned on. 

(10) Temperature controllers adjusted to give the 
desired temperatures in the bulk gas and at the 
back wall of the test section. 

(11) Heat flux and wall temperatures monitored until 
a steady state is reached. 

(12) Start experimental measurements. 

From 4 to 6 hours were usually required for the completion of steps (2) 
through (11). 
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3.9.2  SHUT-DOWN 

A brief sugary of the most Important steps Involved in the shut-down of the 

flow system is as follows: 

(1) All electrical power to the heaters shut off 
except for that to the probe holder guard 
heaters and to the drip pots. 

(2) Vent hot gaseous NO2 until total system 
pressure drops to 1 atm. 

(3) Stop the turboblower. 

(4) Drain the water from the mechanical seal housing; 
neutralize any residual acid with an aqueous 
sodium bicarbonate solution. 

(5) Vent valve closed; system evacuated with the jet 
elector (driven with water under pressure). 

(6) Purging of the system continued for ~12 hours 
with room air entering the system through the 
micromanometer pressure lines; drip pot and 
probe holder guard heaters left on until the 

end of this purging. 

Steps (1) through (5) usually take less than 1 hour to complete. 
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SECTION  IV 

DATA  REDUCTION  I'ROCEDURES  AND  EXI'ERIMKN'TAI    RESULTS 

4.1 DATA REDUCTION 

All the equations required for reducing the data to forms considered in 
subfequent sections are given either in Appendix 11 or in the Nomenclature. 
In the discussion of the following sections, nonreacting air or nitrogen 
experiments arc designated Ly a number with a prefix A-, while reacting NO2 
experiments are designated by a number with a pnfix N-.  Injection experi- 
ments are designated by the prefix 1-. 

4.2 ERRORS AND CORRECTIONS 

4.2.1 RADIATION CORRECTION TO GAS TEMPERATURE MEASUREMENTS 

Estimates were made of the effect of radiation trom the heated wall of Mie 
test section to the thermocouple junction (spherical In shape) of ehe 
temperature probes.  For the case of an NÜ2 experiment in which the measure^ 
temperatures were Ty - 1190 F and 1Q  = 9JO F, th.- true gas temperature at 
the centerllne, taking Into account the net radiant heat flux [in the manner 
described In Reference 21)] between the walls and the junction bead, was 
estimated to be-9.3'F less than 930 F (or-l percent error).  Since this 
represents less than a 4 percent error In M, no attempt was made to correct 
the radial temperature profiles for radiation.  For a smaller AT case with 
Tw " 930 F and Tc " 885 F, the true gas temperature was estimated to be 
-0.6 F less than that which would be actually measured.  No attempt was 
made to correct for the specular absorption of the radiant energy as It 
passed through the NO2 laden gas because such correction (Reference 9) was 
also thought to be significantly less than the error of the other 
measurements. 

4.2.2 CHANGE IN OPTICAL PROBE GAP WIDTH WITH TEMPERATURE 

Even after thermal conditioning, the gap width between the optically flat 
and polished ends of the glass liber bundles would be expected to change 
with temperature due to the thermal expansion characteristics of the ceramic 
cement, glass, and outer stainless steel tube.  An estimate was made of the 
net gap width change expected in heating the probe tip from 77 F to 852 F 
(bulk temperature for Experiment N-l4b) taking Into account the actual 
geometry of the sensing end (I ■ 0.0095 Inch for Optical Probe No. 3 used 
in Experiment N-I4b) and the known thermal expansion coefficients of the 
materials involved.  The result showed that the gap width change over this 
temperature interval would be less than 10 percent of the Initial gap width 
as measured under a microscope at ambient temperature.  Such_a change in * 
would lead to a less than 10 percent change In the measured CJK)? U«^«. t,u' 
Cno2  values obtained by using the I based on an ambient temperature measure- 
ment should actually be decreased by up to 10 percent in order to take Into 
account the actual gap width existing at the time when the transmlttance 

-61- 



measurements were made in the high temperature flow).  Since direct 
measurement of the gap width change with temperature was somewhat uncertain 
(gap width measured to within + 13 percent of its actual valui ), the gap 
width measured at ambient temperal ire was used in reducing the observed 
transmittance data to local time-average molar concentrations of NOj.* 

4.3 RESULTS FOR UNIFORM TURBULENT PIPE FLOW 

4.3.1  CONCENTRATION PROFILES - TIME-AVERACE DATA** 

As noted In Paragraph 3.7.4, the optical probe system was modified to 
accommodate 1/4-inch diameter quartz rods for use in measuring the extinction 
coefficients, GNO^ (X, T), in the static reactor.  This same assembly was 
used to make the measurement of C^o^ii) shown in Figure 39.  The solid line 
drawn through the data points is shown in order to help define the trend of 
the data.  For comparison, the dashed line shows how the equilibrium con* 
ccntration profile would vary with radial position for the estimates of 
T(r) obtained from previous experiments characterized by similar operating 
conditions.  The reference equilibrium concentrations shown at the center 
of the tube (r/r0 ■ 0) indicate that the nonequilIbrium concentration pro- 
11le was the equivalent of /-6'F (in terms of equilibrium concentration 
differences) away from the equilibrium profile derived from the estimated 
temperature profile.  Uncertainties in knowing the gap width, £. at the 
pressures and temperatures of the experiments, problems with rod breakage 
caused by slight mesalignments (at high temperature conditions) between 
the probe holders on opposite sides of the test section, and difficulties 
in translating the entire optical assembly for each radial traverse strongly 
encouraged us to develop the fiber optics probe for use at temperatures to 
1000 F (if necessary) and moderat" pressures (< 11 atm). 

The radial concentration profile data shown in Figure 40 were obtained 
with the fiber optics probe (I 3 0.0095 inch).  The raw data were obtained 
two different ways (refer to Figure 29) - the values obtained from the 
electronic counter are expected to be more accurate.  There is some uncer- 
tainty as to the exact radial position of the gap during this particular 
experiment.  It is expected that the measured profile data should be shifted 

Direct measurements of the gap width were made with a traveling micro- 
scope (translational measurement accuracy of instrument - 0.0001 inch) 
sighted (through a  uartz window; on the probe tip with the probe 
itself inserted into the test section at its usual location.  The gap 
increased --20 percent as the temperature of the gas flowing over the 
tip was increased from 770F to 8520F (see Figure 27). 

r* 
In the case of the results presented in this and subsequent sections, 
all radial profile measurements were made at essentially one longi- 
tudinal position.  Profile measurements were made at an L/D of 43 
from the trip plate at the beginning of the entrance section (d/D of 
1.50 inch/1.95 inch)(see Figure 8).  The flow was always directed 
vertically downward in the test section.  In order to minimize the 
report length, most of the extensive profile measurements and prop- 
erly data used in the calculations was not tabulated. 
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to the right ~0.2 Inch.  In any event the results show that across the 
majority ot the tlow conduit, the gas is nearly twice as concentrated in 
K02 as would he predicted »ad tquilibrllMl conditions prevailed (the dashed 
line is based on the measured temperature proliU- .uul tlie pressure which 

existed in the tlow system at the time ol the concentration profile 

measurement) . 

As indicated in Paragraph 4.2.2. approximate corrections lor the change in 

gap width between the ends ol the liber bundles as the probe end was heated 

up to the test conditions lor Kxperiment N-14b suggest that the actual 11.n- 
cquilibrium concentrations could be on the order ol 20 pt-rcent less than 

the observed velues shown in Figure 40. 

These measurements demonstrate that the basic design ol the optical probe 
is suitable lor use in making time-average concentration measurements at the 
highest temperatures and concentrations which would be expected in this 
program.  Tne perlormance of the probe has shown that a calibration ol both 

gap width changt- and signal attenuation (caused by twisting ol the fiber 
end- - especially important at the higher tern eratures) should he made m 
heated ail before and after each NO2 experiment to ensure that the raw data 

can be corrected with confidence.  These correc  ons are not nearlv as 
important to the measurement of the fluctuating concentration data (sec 
Paragraph 4.5) as they are lor the determination ol the absolute valut ol 
the concentration.  An additional extinction coeliicient calibration id  nou 
appropriate since we are using a relatively broad band liller with the 

optical probe instead of the narrow band interference filter which was 

used with the 1/4 inch in diameter quartz rod system. 

4.3.2  TURBULENT TEMPERATURE RESULTS - NONREACTINC AN!) NONEQUILXMIUM 

REACTING SYSTEMS 

Total rms temperature intensity data for the nonreacting air systen (l.-.peri- 
ments A-37 and A-38) measured with tlu system described in Paragraph i.7.3 
is given in Figures 41 and 42.  The usual minimum at tlu center ol tlu- piP^. 
maximum values near the walls, and an intensity K ve I ol L«U than 10 percent 

is consistent with tllfl limited number of published result! (Rilerenc.s 11 
and 22) for air under conditions of fully developed turbulent pipe flow with 

heat transf. r. 

Tne verv surprising results obtained for the nonequi Mbrium reacting NO, 

svstem (key pertinent experimental conditions are given on the ligures 
themselves) are shown in Figures 43 and 44.  In the case of these experi- 

ments, the variation 01 intensity with radial position is the same as m 
the case of the nonrcacting systen results, but the presence ol the non- 

equilibrium chemical reaction has caused a more then order of magnitude 
increase in the intensity level.  A mixing modi I for the interpretation ol 
these results has not yet been developed.  The large change in level cannot 
be primarily due to the difference in thermal properties between the two 
systems, since the Npr and Nu. parameters are so similar.  (Also, the dil- 

ference in mass density between A-3/ and N-15 is no nor« than ~ 3.)  Th< 

values reported in Figures 41. 42, A3 and 44 were obtained by either directly 
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reading the dial of the true rms voltmeter or by recording the dc output of 
the rms voltmeter on a strip chart recorder and then estimating the mean of 
the rms output. More accurate time averaging (as indicated in Figure 20- 
use of the voltage to frequency converter and counter in tandem) of the 
total rms output would be expected to yield more accurate profile results 
The data of Figures 41. A2, A3 and 44 are compared together in Figure 45.' 

Tue scalar mixing spectrum for temperature obtained with air at high tempera- 
ture in the recirculating flow system is shown in Figure 46.  The extended 
slope In the inertial subrange (the essentially straight line region) is 
probably due to the coexistence of '  , lonpftudinal and radial (or trans- 
verse) mixing at the sensor locati.    Lonn uudinal mixing effects would be 
expected to arise from the I foot long healers situated along the test 
section, each pulsing on and off in a random fashion at a frequency between 
once per second to once per 5 minutes depending on the cooling and heating 
loads imposed on the system.  Thus the energy contributed to the spectrum 
from longitudinal mixing effects will be characterized by low frequencies 
and will thus tend to extend the inertial subrange over a greater frequency 
range than the usual one to one and one half decades of frequency (or one 
dimensional wave number).* This extension probably accounts for the slope 
of the spectrum in the inertial subrange not equalling the expected -5/3 
(Reference 23).  For reference, the characteristic frequencies based on both 
the test section diameter (-characteristic for transverse mixing), fD, and 
the test section length, f|TS, are given on Figure 46.  The conditions of 
the experiment are also given there for reference purposes. 

Temperature spectrum data for two different NO2 experiments are given in 
Figures 47. 48. and 49. The presentation of the data Is In a form quite 
similar to that used in Figure 46 except that the NO2 data obtained at 
frequencies greater than fD (or klD) which appear to lie In the inertial 
subrange exhibit. In each case, a slope very close to the characteristic 
-5/J.  The data of Experiment N-15 are shown In the one-dimensional wave 
number form in Figure 48.  The apparent diffusive cutoff at higher frequencies 
on the order of 10 kHz may be due more to a start in the fall-off in fre- 
quency response of the probe [estimated to be better than 10 kHz in 

Reference 11 ] than because of the start of a diffusive subrange.  In Figure 49. 
the region exhibiting a -I slope may be representative of a vlscous- 
convoctive subrange.  In this experiment (N-I4b), there was very little 
turning on and off of the temperature controllers during the period of the 
turbulence measurements as compared with the other experiments (N-15 and 
A-J7).  This may help to explain why the N-I4b spectrum results do not 
exhibit the extended Inertial subrange to very low frequencies (the fre- 
quency response of the electronics Instrumentation is good down to only 
20 Hz).  In any event, the spectra do not exhibit any unusual characteristics 
that cannot be ascribed to the nature of the experiment and/or equipment. 

Terms are defined in the Nomenclature; some pertinent relations are given 
In Appendix II. 
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4.3.3  TURBULENT CONCENTRATION RESUUS 

Tlie total rms Intensity data and the spectral data lor the NO2 experiment, 
N-l4b, are tabulated In Tables 11 and III.  Tlu- format oi   these tables lias 
been arranged so that the steps employed In the reduction of the raw data to 
the results of Interest are evident.  The Intensities have been calculated 
assuming that the equilibrium tlme-average_concentratIon difference based on 
the measured temperature difference (Tw - Tc) is a reasonable measure ol_ the 
actual nonequlllbrlum time-average concentration dl f ference [(CN02 )t " (CNü;)w]-' 
The Intensity results are shown in Figure 50.   Consistent with the unusually 
large temperature Intensity data given In Figures 43 and 44 for the NO2 
reading system, the concentration intensity values are also large.  The data 
In Figure 50 are plotted with a greatly expanded ordinatc. Considering the 
accuracy of the measurement [limitations from boundary layer buildup on the 
ends of the fiber bundles - expected to be a small effect (Reference 18), 
slight change in flow conditions during the course of the expeiment, etc.], 
the results given in Figure 50 should be Interpreted as Indicating that the 
intensity is essentially constant across the tubular test section (within 

+2 percent). 

Lee (Reference 24) has made some Interesting predictions, based on a statis- 
tical turbulence theory treatment, ol how the turbulent concentration nixing 
spectra of an Isotropie flow (one reactant; irreversible second order 

ri' 

Daml 
pai 

pectra of an Isotropie flow (one reactant; irreversible  second order 
eactlon) depends on the turbulence Peclet number, N^', and tue turbulence 
amkohler number (of the second type), Nolff •  **« have calculated tnese 
arameters for the conditions representative^! Experiment N-Ub and find lor, 

ft' * 0.10 U  [From Reference 25, pp.521-522] 
u        c 

with 

1-40 ft/sec 
G 

Ü - Ü.2 cm /sec 

then 

k   ~ 1.3 cm 
lD 

N
(t) - 490 
^Pe 

^A good measure of (CNÜ2) was not experimentally obtained. 
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and 

N 
(t) 
Da II 

ts 8.9 

NO, 

so that the ratio N^*    t*$~0.02  and thus, according to Lee's analysis, 

the N02 dissociation Is a^'slow" reaction.  On the other hand, calculations 
show that the NO2 recombination reaction (which is used in the injection 

measurements) Is "fast." 

In Figure 51  the concentration spectrum tor Experiment N-lAb Is shown for 
the frequency range 10 to 10^ Hz (data were obtained out to 15 kHz .  The 
solid line drawn through the data is shown In order to assist in discerning 
Us variation with frequency.  The results indicate that what might be 
considered an Inertlal subrange begins only at frequencies much greater 
than fn.  Most of the energy of the concentration spectrum Is distributed 
uniformly across 2-1/2 decades of frequency with fall-off occurring only 
at comparatively high frequencies.  Additional experiments should be 
carried out with probes with significantly different gap widths, X, in 
order to determine if the shape of the concentration spectrum Is more 
probe geometry-limited or phenomena-limited. 

4.4  RESULTS FOR WAKE FLOW WITH INJECTION 

4.4.1  EXPERIMENTAL CONDITIONS 

The flow system was arranged as shown In Figure 2.  Initially, a number of 
exploratory measurements were made with air with the sensors (for U, T  t, 
XSL       and cNo2)located at various distances downstream from the ocation 
of ^ injecaon cvlinder (Kxperiments la, lb. Ic, and Id)   The in ection 
cylinder was moved'relative to the location of the sensors (fixed with 
respect to the test section entrance) in order to vary x/D.  Then the air 
N2. and recombining - dissociating N02 experiments were carried out  Exper- 
i^nts IA-1. -2. and -3 and experiments IN-1 and -2).  Three categories ot 
experimen.s were carried out with both N2 and the Kfc reacting system 
These were: (1) bulk flow past the cylinder - no injection. (2) bulk flow 
past the cvl nder with injection - bulk flow and injectant flow at the same 
tem e  ture. and (3) bulk flow past the cvlinder with inject on - injectant 
flow at a temperature significantly higher than that of the bulk.  Ihe 
experiments were carried out at two different total system pressures, 1.5 

aZ  5.4 atmospheres.  The turboblower speed was maintained at its maximum 
level for each experiment in order that the largest possible NRe ^d * 
achieved in the test section for each gas type and total pressure condition. 
When the Injection experiments were in progress, the tlow "le con rol 
valve on the injection line was maintained at a maximum open position. 
Under these conditions, the mass flow rate in the Injection Hne mj. was 
usually -10 percent of the injection cylinder bodv-Intercepted Jloj "*•, 
m«!  The characteristic operating conditions for each experiment with the 
Injection cylinder in the test section are given In lable IV. 
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4.4.2 TIME-AVERAGE TEMPERATURE MEASUREMENTS 

Various time-average temperature measurements madr during the course of 
each experiment with the different gaseous systems are recorded in Table V. 

Representative radial tlr.ie-average temperature profiles for selected air 

and NO2 experiments (injection into bulk flow - injectant flow heated to a 
temperature significantly higher than that of the bulk flow) are shown in 

Figures 52, 53, and 54. _There appears to be no gross differences between 
the radial variation of T for the air and NO2 systems at the conditions 
noted on the figures.  These measurements were made with the fast response 
thermocouple probe system described in Paragraph 3.7.J. 

4.4.3 TIME-AVERACE VELOCITY MEASUREMENTS 

The bulk flow rate, m ^, was usually determined with the aid of the orifice 
plate located upstream of the preheat section.  The injection line flow 

rate, mi, was also measured with the aid of an orifice plate (see Figure 2). 
The data obtained for each of the experiments are given in Table VI.  Rey- 
nolds numbers were based on fluid properties for the system at thermochemi- 
cal equilibruim.  The velocities in the test section were typically in the 
40 to 50 ft/sec range.  Hl^h Reynolds numbers were obtained with a fixed 
turboblower speed by using increased pressures. 

Representative radial velocity profile data are given in Figures 55 to 60. 
In Figure 55, the profile is shown for the case without Injection.  In 
Figures 56 to 59 data obtained at various downstream positions from the 
injection cylinder arc compared with the data for no cylinder present in 

the test section.  Data in Figure 60 show the dependence of the radial pro- 
files on x/D.  For the ran^e 10 < x/D < 20, the radial profiles have a 
similar shape. 

4.4.4  TOT AI. RMS TEMPERATURE MEASUREMENTS 

A comparative summary of the total rms temperatun- data obtained with the 
probe system described in Paragraph J.7.3 is given in Table VII, (see also 

Table V).  Most of the scalar transport data were obtained at an x/D ■ 10.4, 
The turbulent temperature fluctuations with Injection, but with Tj »T^, 
were relatively small and always comparable to the no - injection case. 
With injection and Tl> > T^ , the turbulent temperature fluctuations were 
much greater regardless of the chemical nature of the bulk flow stream. 

However, in the case of the reacting NOj system results, the turbulent 
temperature intensities were found to be between 2.5 and 3.0 times greater 
than the intensities measured in the nonreacting N2 experiments under other- 

wise comparable conditions.  Thus, the presence of a noncqui1ibrium reaction 

in the wake tlow with Injection has increased the turbulent temperature 
intensities (based on local driving conditions) by "v 150 percent.  In these 
series of measurements it was not possible to study the influence on the 

intensities of varying T\  by varying the operating conditions (Too, 1', U» , 

Tj, and injection cylinder diameter).  Enough data wer..- obtained so that the 

relative effect of reaction on the turbulent intensities could be determined. 
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TtM variation in total rms temperature with the difference in tti.eraiure 
of the inj«ctant and bulk flow streams is shown in Figure 61   both he N2 
and the NO» experiments.  Total rms temperature inUnsiU data obtained as 
a function"of radial position in the test section are shown in Figures 62 
to 64 for the air and nitrogen injection experiments.  In Figure 65, the 
effect of injection without and with a large (Ti - T „)   is shown in compar- 
ison with the no Injection results.  Data for the NO2 system with injection 
are shown In Figure 66.  The N, and NOj injection data are compared in 
Flgun 67. The data of Figure 66 are shown In Figure 68 with the turbulent 
temperature Intensities based on the local driving force for temperature 
mixing, Tc - T^ , instead of the boundary (or initial) condition, Tj - T^ , 

used In the previous figures. 

4.4.b TURBULENT TEMPERATURE SPECTRA 

Turbulem temperature spectra were measured for air, N2, and NO2 with, and 
without. Injection. Most of the data wore obtained with a fast response 
thermocouple probe whose Junction tip diameter was 0.6 mil with leads of 
0.3 mil diameter. A*  noted In Paragraph J.7.3, for the flow conditions 
encountered In these experiments, such a sensing end configuration has a 
characteristic time response of 34 |*8ec and thus has good frequency response 

out to 10,000 Hz. 

In Figures 69 and 70, turbulent temperature spectra are shown for air and 
N. experiments with Injection and a significant (Ti - T«).  A line with 
slope of - 5/3 is shown with each spectrum. The Inflection In the near 
cylinder wake spectrum of Figure 69 with the slope change of -5/3 to -1 Is 
similar to that found for nonrcactlng and reacting near sphere wakes by 
Gibson. (Reference 32). though more spectra, data are needed before 
such an Inflection can be claimed to exist for the cylinder wake under the 
conditions of Experiment lA-lb.  Results obtained with Injection Into a 
nonreacting wake, but with (Tj - T«) ^ 0 are shown In Figure 71.  In this 
case, the fall-off with Increasing frequency Is greater than the previous 
cases with (T, - f „) large. The slope of the spectrum In the low fre- 
quency region (at ^ 100 Hz) Is less than - 5/3 and in the higher frequenc> 
region (at ~ 1000 Hz) is significantly greater than - 5/3.  The spectrum 
obtained without injection but with otherwise similar conditions is shown 

in Figure 72. 

In all of these cases (data of Figures 69 through 72),the gas was nonreact- 
ing and the total system pressure was in t» • 1.0 to 1.5 atm range. The 
effect of toul system pressure on the turbulent temperature spectrum for 
nonreacting wake flow with injection and finite (1^ - T*) can be seen by 
comparing the results presented in Figure 73 (data obtained from probe whose 
T ar 0.62 msec; data uncorrected for frequency attenuation with those In 
Figure 70. The raw data obtained Icr the experiment whose spectral results 
are shown'ln Figure 73. i.e.. Exper!ment IA-3a are given In Fiqure 74 in 
order to show the extent of the noise correction. A comparison of the 
frequency dependence of the rms fluctuating temperature for the cases_oi 
no Injection, Injection with (7[  - Too) - 0. and Injection with (T. - 1^,) 
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Unite and larm*  «11 mcadurud with the tame lensor 1H given in figttTi 75. 
Turbulent tumperatum spectral data for the reacting M', gystcm with injec- 
tion and large (Ti - Tm)  are shown In Figures 76 and 7*7. At the lower 
pressure (1.5 atm), the inllfcliun in slopi' observed iu  tl» last- ot «In- 
nonreactlng wake (Experiment lA-lb - Figure 6**) was also lound for the 
reacting wake (same sensor) (Figure 76). No such inflection was found in 
the data obtained at the higher pressure. Tape recording, digitizing, and 
computer processing of the turbulent spectral data (Reference 32) will be 
used in the future In order to better deiine 'lie ülopi"! .ind inflection 
points.  In Figures 78 and 79, spectral data obt/iined with the same sensors 
at the same total system pressures and turboblower speeds are compared. 

4.4.6 TIME-AVERAGE AND FMJCTUATlNC TURBULENT CONCENTRATION MEASUREMENTS 

Measurements of the local NO^ concentration were nuide in the wake flow with 
the optical probe svste-n described In Paragraph i.7.4, except that in the 
case of the wake flow experiments the gap width of the optical probe, I, 
was approximately twice as large as that used in the pipe flow cxpi-rlnuiii ■ 
(^O.OiJ inch versus ^ 0.014 Inch).  Results obtaimd from the two series 
of NOj wake experiments are given in Table Vill.  Where appropriate, the 
equilibrium concentrations are also tabulated.  These were obcained from 
the temperature and total pressure measuremtnts and tlu propi-rt u-s compiltii 
by Brokaw and Svehla (References 6 and 8).  The data obtained fron the IN-1 
series should be considered of doubtful validity because of difficulties 
enc.untered with electrical noise and electronic component (transistor) 
stability of the optical probe electronics system during the course jf this 
series of measurements.  These difficulties were not present during the 
IN-2 experiments because appropriate component and operating procedure 
modifications wore made prior to the acquisition of data.  The equilibrium 
concentrations gWen at the bottom of Table V1II show that In the case of 
the IN-la experiment, the concentration of NOj in the Injectant stream was 
greater than that In the wake.  The opposite was true In the case of Exper- 
iment IN-2a, although the difference in this case between (QlK^)«« and 
(^NoOej ^s somewhJt less than In Experiment IN-la.  The turbulent concen- 
tration intensity data show that even with relatively small differences in 
equilibrium concentrations of the tv.o mixing streams, this intensity is 
significantly increased with injection of the reacting fluid into a reacting 
wake. 

A representative time-average radial concentration profile Is shown In 
Figure 80 and the corresponding total rms intensity profile is shown in 
Figure 81.  Radial profile measurements were not extended across the full 
width of the flow duct in order to protect the fragile optical probe «lass 
tips from contacting the far wall (the exact location of the probe tip dur- 
ing the course of the experiment is not known).  The extinction coefficients 
used in the reduction of the data were those derived from the Isothermal 
flow measurements reported In Figure 33. 

The turbulent concentration spectrum for Experiment IN-2a (injection with 
significant ^i - ?„) la shown in Figure 82. The fall-off In intensity with 
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Increasing frequency tends to follow the usual -5/3 trend. Above 10,000 Hz, 
the fall-off In frequency response of the probe is observed.  In general, 
the shape of the concentration spectrum for the reacting system seems to 
exhibit no unusual features compared to the nonreacting temperature spectra. 
The low frequency range merits closer study (Reference J2).  Correction for 
the finite probe measurement volume can be made in the manner developed by 
Uberoi and Kovasznay (Reference 33). 
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SKCTION V 

CONCLUSIONS AND AREAS FOR FURTHER INVESTIGATION 

An investigation has been undertaken to study, ia  a well-defined laboratory 
situation, the influence of chemistry on turbulence structure in compressible 
flows.  The principal effort has consisted of the design of experiments for 
demonstrating the effect of exothermic energy release on turbulent flow struc- 
ture, the development of sensitive instrumentation for the accurate measure- 
ment of both time-average and fluctuating scalar quantities (tempemture and 
concentration), the development of techniques for redm :ng the raw data 
derived from the sensors and their associated electronics to forms suitable 
for correlation and analysis, and the completion of several ex-eriments 
under "self-mixing" conditions without injection and under wake conditions 

with and without irjection. 

Calculations of the effectiveness parameter for the NO2 reacting system have 
shown that the recombining W>2  system (to form NoO;) will exhibit a suffi- 
ciently large effectiveness parameter under laboratory conditions so that the 
turbulence in a grid, sphere, or cylinder wake would be slgnificanlly modi- 
fied.  The properties of the reacting NO. system were reviewed.  Those condi- 
tions of temperature and pressure, as well as test section and body sizes 
required for the experiments were specified.  Some pertinent characteristics 
of the recirculating flow system temperature measurement instrumentation 

were determined. 

An improved f ber optic probe was developed for use In the heated reacting 
gases (T to 8üü0K, P to 10 atm).  Signal-to-noise ratios of >:50:1 have now 
been obtained with this system.  This performance Is more than adequate for 
both the time-average and the fluctuating measurements.  IIme-average and 
fluctuating concentration measurements were made In a J-Inch diameter test 
section with reacting NO-, at 850oF and 9 atm.  It was found necessary to 
thermally condition the probe in order to obtain a stable performance. 

Several experiments were performed with both high temperature air and NOj 
under fully developed turbulent pipe flow conditions In order to determine 
the operating characteristics of the fast response thermocouple probe system, 
both total rms and spectral data were obtained.  In the case of heated fully 
developed turbulent tube flow ("self-mixing" case), the temperature inten- 
sities were found to be an order of magnitude higher (more endothermlc reac- 
tion in the film near the heated wall, more exothermic reaction in the bulk 
flow region where the probe tips were situated) In the nonequilIbrium 
reacting gas than in nonreacting air.  The related spt-ctral data exhibited 
the usual -5/3 slope in the inertial subrange.  Both longitudinal and 
transverse mixing influenced the shape of the spectra at low wave numbers. 
The temperature intensities in the nonequilibrium reacting flow were about 
as large as the measured concentration intensities. 

A number of measurements were made in the near wake of a cylinder (x/D'vlO) 
with both nonreacting air and NS and with reacting NO,.  The wake 
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measurements were made under three separate conditions:  no Injection, In- 
jection with no temperature or concentration difference between the bulk 
flow stream and the Injectant stream, and Injection with a slRnlflcant tem- 
perature and concentration difference between the bulk flow stream and the 
Injectant stream.  Time-average and fluctuating temperatures and concentrations, 
time-average velocities, and turbulent temperature and concentration spectra 
were measured.  The results show that the turbulent temperature Intensities 
were approximately one hundred and fifty percent greater In the reacting waki- 
than in the nonreactlng wake with an injection flow rate on the order of 
ten percent of the body Intercepted flow rate.  The effectiveness parameter, 
T]t  for the reacting wake was ^S.  The same level of turbulent temperature 
Increase was measured regardless of whether recombination (exothermic) or 
dissociation (endothermlc) reactions were promoted In the wake. 

The Instrumentation and flow system required for these txptViMtOtf have 
been developed and used to obtain measurements at essentially one value of 
the effectiveness parameter.  These measurements have shown that the tur- 
bulent scalar Intensities can be significantly Increased by reactions, 
regardless of their direction. In both "self-mixing" and wake (with Injec- 
tion) flow environments. 

The primary emphasis of future work in this area should Include measurement 
of turbulent velocities at the same time that the turbulent temperatures 
and concentrations are being measured, and extension of the range of experi- 
mental variables to Include measurements over a wide range of the effective- 
ness - ;-imeter, relative flow rates (injectant versus bulk stream), downstream 
position, and reaction conditions (exothermic versus endothermlc, two-body 
versus three body reactions).  WaVe shear flow measurements should be com- 
pared with measurements In an Isotropie field (blplanar grid wake).  Correla- 
tion of the results should then be sought In order to determine the utility 
of this phenomenon for re-entry systems applications. 
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APPENDIX  1 

TABLE I 

SPECIFICATIONS OF TEMPERATURE CONTROLLERS 

Temperature Controller -  Indicator  (Test Section) 

Barber-Coleman Company 

Model 293C  (Capacitrol) 

Power Requirements:     110-130 VAC,   50-60 Hz ,^20 watts 

Accuracy of control:    +    1/2?.. of Control Set   Point  (Range    0 -   16Ü0oF) 

Scale Divisions:     20OF 

Temperature Controller  (Preheat Section) 

Barber-Coleman Company 

Model   151P (Amplitrol) 

Power Requirements:     120 VAC,  60 H,: 

Accuracy of Dial Setting:     It of scale  range  (Range -   100  -   1600OF) 

Sensitivity:    75^volts 

Scale Divisions:     20^ 

Temperature Controller -  Recorder  (Gas Temperature Adjustment) 

Leeds 61 Northrup Company 

Series 60 Controller  -  Speedomax I Recorder  - FDG1 Regulator 

Controller: 

Power Requirements:     120 VAC,  50-60 »2,  30 VA 

Proportional,  Rate and Reset Capabilities 

Recorder: 

Power Requirements:     120 VAC,   50-60 Hz,   30 VA 

Round Chart,   1  revolution  in 24 hours,  0-1800oF using a 

Chrome 1 Alumcl Thermocouple 

Automatic  reference   junction compensation 

Accuracy:    + 0.37. of range (Range - 0 -  1800oF) 

Dead Band:    0.27. of span 

Regulator: 

Fineor Model FDG-1 

Power Requirements:    200-2AO VAC,   60 Hz Single phase  10 KVA 

Output Power:     198/216 VAC at 20 amps,  9 KVA 
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APPENDIX I     (Continued) 

TABLE   II 

SPECIFICATIONS OF INSTRUMENTS USED FOR TIME AVERAGE TEMPERATURE MEASUREMENTS 

AND AMPLIFICATION OF FLUCTUATING THERMOCOUPLE OUTPUT 

Power Supply 

Tektronix,  Inc. 

Model  125 

Power Requirements:     105-125 VAC,  40-50 Hz^liO watts 

Output Voltages:    +135 V DC at 0-20 ma + 3% 

-  90 V DC at 0-20 ma + 3s/. 

-6 V DC at 0.7-4 amp + 57. 

Voltage Stability: + 5 mV/hr at constant temperature 

Preamplifier 

Tektronix, Inc. 

Model  122  (modified by conversion of  first two stages  to nuvistors) 

Power Requirements:    Supplied by Tektronix Model   125  Power Supply 

Input Impedance:    ^ 10 megohms 

Output Impedance:     1000 ohms 

Gain:     1,230 or 12,600 

Noise Level:    0.054  to 0.021 /uV  from 200 Hz  to  10 KHz with gain of  12,600 

Frequency Response:     -0.3 db from  10 Hz   to  1 KHz 

-0.3 db  to -0.9 db from  1 KHz  to  17 KHz 

Potentiometer 

Leeds & Northrup Company 

Model 7553-5 

Type K-3 

Measuring Ranges:  0 to  1.6110 volts  (high range) 

0  to 0.16110 volts  (medium range) 

0 to 0.016110 volts  (low range) 

Limits or Error:    + 0.17. of reading ■♦- 20 mV (high range) 

+ 0.157. of reading + 2 mV  (medium range) 

+ 0.157. of reading + 0.5 mV (low ran^e) 
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Standard Cell 

Eppley Laboratory, Inc. 

Catalog Number 100 

Internal Resistance: Less than 500 ohms 

Voltage:  1.01923 volts at 230C 

Galvanometer 

Leeds & Northrup Company 

Model 2430-C 

Sensitivity: 0.0033 /iV/mm 

Internal Resistance: 24 ohms 

Period:  2.85 seconds 
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APPENDIX I     (Continued) 

TABLE    111 

SPECIFICATIONS OF ELECTRONIC AND ELECTRICAL COMPON^WTS OF 

OPTICAL PROBE SYSTEM AND ASSOCIATED MEASUREMENT INSTRUMENTATION 

Power Supply. Lamp 

Hewlett-Packiird Company ■ Harrison Division 

MPB Series, Model 6282A 

Power Requirements:  105-125 VAC, Single Phase 50-60 Hz, 3.5 A, 200 W 

Output: 0-10 VDC at 0-10 A 

Load Regulation - Constant Current:   <0.05% + 1 mA for a  zero  to maximum 

change  In output voltage 

Line Regulation - Constant Current:   <0.0S7. + I mA  for any  line voltage 

change within  the  rated  input 

Ripple and Noise - Constant Current: <5 mA rms 

Temperature Coefficient - Constant Current:    <0.027. ♦ 5 mA/0C 

Stability - Constant Current:   <0.107. + 25 mA  total drift  for 8 hours 

after a 30-minute warm up 

Lamp 

General Electric 

Catalog Number  1962 

Design Volts:    8.5,  62 W,  80 CP 

Construction:    Quartz envelope 

Rated Lifetime: 50 hours at 62 U, 80 CP 

500 hours at 46 W,  45 CP 

2500 hours at 30 W,  25 CP 

Motor. Chopper 

Globe Industries 

Part Number:    31A512-2.56 

Power Requirements:     115 VAC,  single phase 60 Hz,  20 W 

Speed:     1405 RPN synchrone is 

Torque:     1.0  Inch-ounces 

Motor Life:    SüO hours 
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Photomultiplier Tube 

Radio Corporation of America 

Model RCA-8645 

Power Requirements: Maximum Supply Voltage 1800 

Average Anode Current 0.5 mA 

Spectral Response:  Covers the range from 2900 to 8000 angstroms 

Maximum response occurs at about 4200 angstroms 

Type S-20 Spectral Response Curve 

Anode Dark Current: 6 x 10'10 Amperes 

Integral Magnetic Shield and Voltage Divider Network 

Output Impedance:   1 Megohm 

Power SUPPIV Photomultiplier Tube 

John Fluke, Manufacturing Company, Inc. 

Model 412B 

Power Requirements:     115 VAC ± 107.,  Single Phase 50-60 Hz.  1100 VA 

Output:    0  to + 2100 VDC and 0 to 30 mA 

Load Regulation:    0.001Z to 5 mV for  full   load change 

Line Regulation:    0.001% to 2 mV for  107, line change 

Ripple and Noise:   < 500 fiV rms, <l mV peak  to peak 

Temperature Coefficient:   < 20 ppm/0C  from +10oC  to +4C0C 

Stability:    ± 0.0057. per hour, + 0.02% per day after warmup of 30 minutes 

Calibration Accuracy:    ± 0.25% to 100 mV with vernier at zero 

Resetablllty:    + 0.05% to 50 mV 

Power Supply.  Low Voltage 

Phllbrlck Researches,  Inc. 

Model  PR-300 
Power Requirements:     115 VAC ± 107.  Single Phase 50-^0 Hz,  250 mA,-30 w 

Output:    +  15 VDC,  0-300 mA 

Load Regulation:   <250^volts over 0-300 mV DC change 

Line Regulation:   < 250   ji volts at   115 V + 10% 

Ripple ^nd Noise:   < 250 /ivolts peak  to peak 

Temperature Stability:    0.17. (15 mV)   from -250C  to +850C 
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Preampltfter 

Power Requirements: +15 VDC 

Input Impedance:  »w 100 Heg ohms 

Output Impedance: **  500 ohms 

Gain - Voltage: % 0.7 

Gain-Current: 60 db 

AC Amplifier 

Power Requirements: + 15 VDC 

Input Impedance:  ^#10,000 ohms 

Output Impedance: *■ 2,000 ohms 

Gain: ^ 8.0 

Frequency Response:    Flat to 40 KHz 

Light Emitting Diode. Infrared (LED) 

General Electric 

LED-10 

Total Beam Output (? 100 mA dc - 0.1 mw 

Wavelength (3 100 mA dc ■ 0.9 microns 

Field-Effect Transistor. P-Channel Diffused Silicon Photosensitive (FET) 

Siliconix, Inc. 

Type P-102 

Input Sensitivity (? X - 0.9 microns a l.i ^a/mw/cm^ 

(Gate Current per unit radiant power density) 

Spectral Response (107. Points): 0.4 to 1.1 microns 

Output Amplified (gain: ~500 to 1000) 

Reference Amplifier fDicital Switching Device) 

Power Requirements: +15 VDC 

Output Voltage: Square wave of peak amplitude — 5 V 

Synchronous Demodulator 

Power Requirements: + 15 VDC 

Input Impedance: *» 130 K Ohms 

Output Impedance: «*• 200 Ohms 
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Filter 

Power Requirements: + 15 VAC 

Input Impedance: ^ 30 K ohms 

Output Impedance: ~ 200 ohms 

Gain - Voltage:  10 

Frequency Response: Filters ripple above 0.1 Hz 

Voltage Divider 

Electronic Instrument Company, Inc. 

Model 1100 RTMA Resistance Boxes - 2 Utilized 

Resistance Range:  15 ohms to 10 megohms 

Accuracy:  + 10?. 

Power Dissipation:  1 watt at any setting 

Input Resistance:  10,150 ohms ♦ 10% 

Output Resistance:  15u ohms + 107, 

Recorder. Strip Chart 

Leeds & Northrup Company 

Specdomax I Continuously Adjustable A7.AR 

Power Requirements:  120 VAC, 60 Hz 

Span:  Calibrated steps of 2, 5, 10, 25, 50 or 100 mV 

Uncalibrated - continuous dial adjusted attenuation 

Span - Limits of Error:  + 0.3', of span lor calibrntcd ranges 

+ 0.57. of span for continuously adjusted 

setting 

Zero Adjustment:  Suppression or elevation from 0 to 40 millivolts 

+ or - 

Dead Band: 0.17, of span 

Char: Speed:  1 inch/minute 

Converter. Voltage to Frequency 

Vidar Corporal ion 

Model 240-01 

Power Requirements:  115 VAC + 107, Single Phase 50-60 Hz ^ 8W 

Range:  + 100 mV to + 1000 V full scale in five r.teps 

-m 



Polarity:    Indicated by  front panel   lights 

Accuracy:    ± 0.05% of  1 volt range  for all   ranges 

Linearity:    Better  thin + 0.025% of full scale  from straight   line 

Drift:    Less  than + 0.1% of full scale per week after one hour warmup 

Temperature Coefficient:    Less than + 0.017, of full  scale  per 0C 

Regulation  - Line Voltage:    Less  than + 0.02% of  full scale   for 

+ 107. change 

Input Impedance:     100 k ohms + 0.1% on  100 mV range 

1 meg ohm + 0.1% on all other ranges « 

Output Frequency:     100 KHz   full  scale 

Output Voltage:    ^ 1.5 V peak  to peak 

Counter.  Electronic 

Hewlett  Packard Company 

Model 5245L 

Power Requirements:     115 VAC ± 107,  Single  Phase 50-60 Hz,  95W 

Frequency Measurements:     From 0  to  50 M Hz   (dc   input) 

From 25 Hz  to  50 M Hz   (ac   input) 

Accuracy +  1  count +  time base accuracy 

Input:    Maximum Sensitivity -   100 mV rms 

Impedance  -   1 megohm 

Gate Time:     1 microsecond  to  10 seconds  in decade  steps 

Oscilloscope.  Dual  Beam 

Tektronix,   Inc. 

Model 502 

Power Requirements:     105  to  125 VAC,   50-60 Hz,   -v, 300 watts 

Input   Impedance:     1 megohm paralleled  by 47/i^f 

Vertical Deflection Factors:     200 yV/cm  to 20 V/cm  in  sixteen calibrated 

steps 

Horizontal Sweep Rates:     1 ^isec/cm to  5  sec/cm  in  twenty-one 

calibrated  steps 

Voltmeter.   Electronic.  True Root Mean Square 

Bcjllantinc   Laboratorits,   Inc. 

Model  320 

Power Supply:     105-125 VAC,   " ngle  Phase,   50-420 Hz,   65 W 
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Voltage Range:     100 ^iV to 320 V rms in  13 rannes,   of   10 db steps 

Frequency Range:     5  to 500,000 llz 

Input Impedance:     10 megohms 

Accuracy:    Sine Waves and non-sinusuoidal  waves 

51 of meter reading  from 5  to  15 Hz 

3% of meter reading from 15  to  150,000 Hz 

57o of meter reading  from 150,000  to 500,000 Hz 

Output Features:    Main Amplifier Ojtput:    Maximum voltage  gain 

of 90  db +  1 db balance   to ground,   decreasing 

in 10 db steps to -30 db 

Monitor Output:     maximum voltage  gain  of 84 db +   1  db 

single ended,   in  phase with  the   input,   decrensing 

in 10 db steps to -36 db 

Mean Square Output:     negative dc  output voltage of 

0.2 V corresponding  to  full   scale meter deflection 

Voltmeter,   Electronic,   Trut-  Root   N an  Square 

Hewlett  Packard  Company 

Model   3400A 

Power  Supply: 

Voltage  Ranges: 

Frequency  Rnnge: 

Input   Impedance: 

Accuracy 

Crest Factor: 

Output Features 

115 or 2307 ♦ 107, 50 to 100 Hz,   7W 

I Mv to iOOV in 12 ranges 

10 Hz to 10 MHz. 

From 0.0Ü1V  to U. IV  r.in^e:      10 megohms 

shunted   by   '*0 pp.     Fron  1.0V   to  300V  range: 

10  megohms   shunted   hy   IS   pp. 

^  1/,  oi'   full   scale   30  Hi   to   1MH/. 

_f  27   ot   lull   scale     1   Mlb,   to  2  Mil 

+  37  of   lull   scale     2   m/.   to   3  MH/. 

♦   57   of   lull   scale   10  Hi   to  30  Hz 

and       3 my.   to   10 MHz 

10  to  1 

-   IV  DC open  circuit    it   full   scale »let lection 

proportional   to pointer  deflection 
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Oscilloscope 

Tektronix,  Inc. 

Model 545 with 53/54 K plug-in Unit 

Power Requirements:     105 to 125 VAC,   50-60 Hz,  ~ 545 watts 

Input Impedance:     1 megohm,  20 ^fi£ 

Vertical DeHoction Factors:    0.05 V/cm to 20 V/cm in nine calibrated 

steps 

Horizontal Sweep Rates:    0.1/isec/cm to 5 sec/cm in twenty-four 

calibrated steps 

Tape Recorder,  FM Record/Reproduce Systen. 

Consolidated Electrodynamics Corporation 

Model VR-3300 

Power Requirements:     115 VAC +  10%,  48-65 Hz,   single phase,  450 watts 

Transport Data:    Tape Speeds:     ^O,   30,   15,   7-1/2,   3-3/4,   1-7/8  ips 

Tape Speed Accuracy:     + 0.257. 

Flutter:    Maximum cumulative   flutter up  to  300 cps  - 

0.37, peak-to-peak;  up to 10 Kc  - 0.557, 

peak-Lo-peak at 60  ips 

Record/Reproduce Data:     Input Level:     1 volt  rms  to produce  full  scale 

modulation 

Input Sensitivity:    0.5  to 10 volts rms 

Input  Impedance:     U) K ohms minimum 

AC and DC Linearity:    +  1.57. of  full scale 

Drift:     Less  than  27 of full  scale  in 8 hours 

Frequency Response:     0-20 Ki.z + 0..'   db at  60  ips 

Signal   to Noise Ratio:    A3 db at 60  ips 

Harmonic  Distortion:     1.57. at 60  ips 
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Spectrum Analyzer 

Hewlett-Packard Company 

Model   302A 
Power Supply:     115 VAC ± 10%.  Single Phase  50  to  1600 Hz.^3 W or  18 

to 28 VDC 

Voltage Range:     30 jiV to 300 V In  15 ranges,  steps of  10 db 

Frequency Range:     20  to 50,000 Hz 

Input Impedance:     100,000 ohms on A most  sensitive ranges 

1 megohm on remainder 

Dial Accuracy:    +  (17' + 5 Hz^ 
Voltage Accuracy:    + 57. of  full  scale value , 

Selectivity:    + 3-1/2 Hz bandwidth at  least  3 db down 

+ 25 Hz bandwidth at  least  50 db down 

+ 70 Hz bandwidth at  least 80 db down 

Output  Feature!:     Nitttli Frequency Output:    Output voltage 

proportional  to meter reading.    Output  level 

control  provided.    Maximum of   1 volt across 

600 ohms at output  terminals  for  full  scale meter 

deflection.    Output  Impedance «v 600 ohms. 

oscillator Output:     1 volt across 600 ohms at 

output   terminal   (mode  selector  In BFO).    Output 

level control.    Output   Impedance ^600 ohms. 

Recordej;_Out£ut:     I ma dc  Into  1500 ohms or  less 

at  full  scale meter  Indication 

Sweep Drive  -  Spectrum Analyzer 

Hewlett-Packard Company 

Model  297A 

Power:     115 VAC +  107.,  Single Phase 50-60 Hz,   12 W 

Sweep Range:    64 revolutions 

Sweep Speed:     170 Hz/sec  or  17 Hz/sec with  302A Wave Analyzer 

Sweep Output:    0-15 VDC proportional  to change  In shaft position. 

Full output may be obtained with cither 2.1  revolutions 

or with 50 revolutions of the output  shaft. 
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Vacuum Thermocouple.  Insulated 

American Thermo-Electric Company 

Catalog Number 22 

Heater Resistance:    1100 ohms 

Output:     5 mV/1.2 ma 

Recorder. X-Y 

F. L. Mose ley Company 

Model 2D 

Power Requirements:  115 volts, Single Phase, 60 Hz, 183 VA 

Recording Speed: 20 inches per second maximum pen speed each axis 

DC Voltage Ranges: Sixteen calibrated ranges for each axis; 

0.5 millivolts to 50 volts/inch 

AC Voltage Range: Eight calibrated ranges £or each axis; 

0.1 to 20 volts/inch 

Accuracy: Better than 0.27. of full scale, 0.17. resetability on DC ranges 

AC Accuracy 20 Hz to 20 KHz 0.57.  Linearity 0.17. 

20 KHz to 50 KHz 1.07. 0.37. 

50 KHz to 100 KHz 2.0% 0.57. 

100 KHz to 200 KHz 10.07. 1.07. 

Input Resistance: 200,000 ohms/V up to 1 V/inch 

2 megohms on all higher dc ranges ^nd all ac ranges 
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APPENDIX 11 

Momc 

EQUATIONS FOR DATA REDUCTION 

ntum Transport (time average understood): 
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f - 
D 8c 
4 L 

(AP) 

l^-b"
2l 

(10) 

w UKAF), 

Concentration Calculations (cl ■ fluctuating concentration): 

^ - exp (- €i I  C^ Cl " Cl + "I 
I £ a E 

(11) 

(12) 

Time-Average Concentration; 

For c, small, 

1     i    o 

(13) 

For c. large, 

C, = 

I + T cl 

RMS Concentration at Frequency, f (e/E small): 

e:    (f) » 
C        G, (bMn E/G^CBW) NO, 

.^1/2 
'2 v NO^   I 

(14) 

(15) 

Wi Air («WAIr " (CN) 
1/2 

(16) 

^f NO 2 

2.l/2 

gain of preamp, ac amp, synchronous 
demodulator and filter 

G2 ■ Gain of preamp and ac amp * f(E0) 

-140- 

(17) 



For        i -    -  3.216 \olts,  G. - (5.2)(5.5)    -    28.6,  G, ~ 5.5 
o 1 -                                                  ■ 

i -    - 2.710 volts,  G. ~ 0.5X5.5)     -    30.3,  G?- 5.5 
o 1 -                                               ■ 

E -    -  1.737 volts, G, 2 (5.65)(5.4)    -    30.5, G, S 5.4 
o 1 ~                                                 ■ 

f -    -  1.540 volts,  G. ~ (5.7)0.3)    -    30.2.0.-5.3 
o 1 ~                                              ■ 

Total  RMS Concentration  (e/E  small): 

6'   - w, — "8) 
CN02     

C2 (bN02 IBJ 

FluctuattnR Temperature: 

_-    — I/2 

eS+N '4f ["l  I l/2 

_    _ l/2 

(   2 2\ _ 1/2 

e.      .ütdLlJÜ     -|e2l (2o> 
t CG I   t J 

G    "  12,600 

C    -  5.34  x  10'6 volts/F  (Pt/Pt-107. Rh  at   -800  F) 

BW -  5.52  Hz 

k    . iH (21) 
1 U 

0t<V *welM (22) 

k      . 2JL .   k .11 (23) 
I D     *     U t D 'is      TS 

•    . I .  f,       . JL (24) 
D       D   '   ^TS       ^TS 
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